INTERNATIONAL JOURNAL of SMART GRID, ijSmartGrid
T. Harighi et al. ,Vol. 2, No. 1, March, 2018

Overviewing Quality of Electric Vehicle Charging
Stations’ Service Evaluation

Tohid Harighi*, Ramazan Bayindir*, Eklas Hossain**

*Gazi University, Faculty of Technology, Department of Electrical & Electronics Engineering 06500, Ankara/TURKEY

**QOregon Tech, Department of Electrical and Renewable Energy, OR-97601, USA
(Tohidharighi@gmail.com, bayindir@gazi.edu.tr, eklas.hossian@oit.edu)

Received: 26.02.2018 Accepted:10.03.2018

Abstract- Worldwide greenhouse gas emission is increasing rapidly in twenty-first century, and one of the main reasons of
this upsurge is emission from internal combustion engine (ICE) cars. A major step to decrease greenhouse gas emission can be
replacing ICE cars with electric vehicles (EV). Though the EVs have notable benefits such as lower GHG emission, their effects
can both be good and bad, depending on certain conditions. EVs have impact on the power grid, and associated equipment. In this
paper, few key concerns about the grid infrastructure related to EV connections are illustrated, with focus on grid-scale storage
systems. Environmental factors and budget considerations for EV charging stations are also discussed, with evaluations of the

findings through MATLAB/Simulink simulations.
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1. Abbreviation

B Building

BO Boiler

CcS Charging Station

G Power Grid

PGU  Power Generation Unit

Ne Charging Efficiency

Netoc  El€Ctricity-to-Carbon Conversion Factor
Neoc  FUEl-to-Carbon Conversion Factor
C Cost Function

Ciax  Carbon Emission Tax

EL Building Electric Load

PF Fuel Price

PP Electricity Purchasing Price

PS Electricity Selling Price

e Stored or Generated Electricity

ec Electricity Charging Rate

ef,p Electricity Flow from A to B

f Fuel Consumption

2. Introduction

Today, electric vehicles (EV) are an important part of the
transportation system in the world [1]. Because of that, CO,
emissions are expected to decrease while the efficiency of

energy use will be high. For example, the combined heat and
power (CHP) efficiency may be 42~75% [2]. Behind the
scenes, there should be powerful and bidirectional grids,
which are powered by fossil fuel or renewable energy
generators. Fig 1 gives grid and supply/demand circle in
operation. The grids not only should support EV fleets but also
other demands. EVs are not usually supplied in most of the
electric networks. So electric vehicle fleet system is a new
technology and it can not be predicted in advance. Today, in
order to supply EVs, the grid needs a “plan B” to develop, and
increase the capacity [3]. Therefore population density, the
infrastructure of grid, the source of energy, habitude of using
fleet and some other aspects are perks of the grid development
[4]. Replacement of vehicle fleet is necessary and this
program has turned out as a legislation in EU [5]. At first
sight, it seems like there is a controlling issue, but it is a
different deal altogether. For example, regular control
problems could be solved with Laplace block diagram node or
some other mathematical nodes. In this problem of
management program of the grid, there are three parts to be
solved to support EVs [6]. Fig 2 illustrates supply/demand
division in the grid.
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Fig 2: Division of supply and demand in a grid, supply can
come from a number of sources, and the demand is diverse.

Other nodes of the systems have control parameters, such
as peak time. But the other parameters and alternatives of
nodes can improve or deteriorate EV charging stations.
Charging stations are the points which can transmit power
from the grid to the EVs [7]. Determining locations of the
charging stations may lead to severe problems in an electric
network such as problems in low voltage and high voltage
infrastructure [8]. In some countries, urban growth is very fast,
but the supply side may only support the regular consumption;
so the EV charging station will need a stable and powerful
grid to work with peak and off-peak loads (EV charging
during off-peak hours and discharging in peak hours). In this
situation, the grid cannot respond to charging stations
citywide. It does not mean that the grids with low capacity
cannot support EV charging stations and electric fleet systems;
it means that the electric fleet systems without required
background are useless [9, 10, 11]. This paper describes some
hidden threats in the grid and what will happen when EVs
connect to the grid in large scale.

The rest of the paper is organized as follows: section il
illustrates on the infrastructural requirements EV charging
stations, section IV presents required supply system and policy

outlines, an overview of suitable storage techniques is
presented in section V, section VI summarizes the
environmental factors, section VII shows the budget
considerations, section VIII validates the findings through
MALAB simulations, while section IX draws the conclusion.

3. Infrastructure

The base of a system must be in a good shape when it gets
updated, therefore there must be high-quality power on both
sides (generation and distribution) of the grid [12, 13]. The
power-capacity of the grid and the quality of the power are
both necessary factors. Based on these factors the grid should
be smart and micro (micro grid/smart grid) [14]. The power
line should not follow just AC system; as the renewable
energy sources (RES), electric fleet systems, and some other
systems use DC. None of the converters work properly with
AC and they cause side effects such as harmonics [15]. Thus
the grid must support both AC and DC types of energy. Some
generators can be connected to grid with DC terminals such as
solar and wind energy systems. DC energy can easily be
harvested with EVs through charging stations too [16, 17].
Recycling of energy by EVs and some storage systems take
place through bi-directional terminals, so it is a key point in
modern grid systems [18]. In these situations, grid behavior is
very flexible [19]. The DC converters have high-quality and
efficient conversion capabilities; with those converters, the
customer can use energy in both high and low potentials [20].
The charging system in any location can be a fast charger or a
regular one, depending on the customer base, and as the grid
infrastructure allows [19, 20, 21, 22, 23]. Power injection by
solar or wind energy could be executed in all locations of the
grid if it has DC systems because DC power line provides a
wide range of options for direct supply and demand
connections [21]. Low quantity of converters is the goal in all
electric networks. They have a loss in the base topology,
which cannot be avoided. For example, in this study, the
switching loss is calculated by [24]:

WTOff = KTOfflui + KTOffzuiZ + KToff3u2 + KToff4u2i

+ KToffSuziz = WToff(u. l) (1)
Wron = Kroniul + KT027’L_221'”.2 + KT01131_42 + KTon4u2i

+ KronsU“i” = Wron(u. 1) @)
Wpon = KponaUi + KDoer.ZZL”.2 + KD01137_12 + KDon4u2i

+ Kponsu“i® = wpep (u. 1) 3)

Where u is voltage; i is current; T is related to the IGBT
duty cycle, D is related to diode, and Ki is IGBT switching
loss parameters.

On the other side of the charging station efficiency, the
building efficiency is very important. In this study, the system
has combined cooling, heating & power (CCHP), photovoltaic
(PV) generation, and building heating and cooling system.
Calculation of energy cost and the result of the cost give
operation status [25]:
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Cp = Z(efG.B.t X PPy — efp e X PSp)
¢
+ Z efG.B.t X Netoc X Ctax
¢
+Z(fPGU.t X PFy + fpgu.e X Nrtoc X Crax)
t
+Z(f30,t X PFy + fpot X Ntoc X Crax)

t
+ Z( efcse X PTe — efp s
T
X PTy) 4)

Finally, grid infrastructure should be powerful, bi-directional,
flexible and suitable to make DC power line provide high-
quality electricity while protecting the grid.

4. Supply

The supply side of the grid is a special issue. Energy
generation and transmission have different problems. In some
situations, the grid has enough power but it cannot provide
power to the customers because of not having suitable
transmission system [22]. The reverse is also true. Fast charge
system is much more usable mostly in city centers [26, 27]. In
this situation, the energy policy is very important. Energy
policies have to be adjusted according to future prospects.
Currently, city centers have a huge electric load. As of now,
energy companies should support the power and equipment
requirements of EV charging stations. Energy consumption in
general view and from Electrical Engineering perspectives are
very different. People think of energy as fossil fuel, atomic
energy, or renewable energies; but electrical engineers define
energy as all the things that can generate electricity [28]. So, if
a politician proposes a policy without considering the
technical side of the issue, it can cause major problems. City
centers’ electricity supplies need a grid with different energy
sources and terminals with enough power, which is a way to
solve location problem [29, 30, 31]. Supply and demand
relation should be equal in every instant. For example, in case
2, load balance is [25]:

efept + €ppve + €pur T €dpse X Naps + efcspe

ec
= ELt + efB'Glt + r’BDlt

+efpese VE )
c,BS

The energy providers are limited. The grid needs power plants
(fossil fuel or renewable power plant) to provide energy to the
demand side of the grid.

5. Storage

The storage system of the grid is one of the most important
parts. Charge and discharge functions in the EVs and the
batteries in the charging stations are the base duty of the
vehicle to grid (V2G) and grid to vehicle (G2V) services.
Storage systems should be placed in safe and more usable
locations such as gas stations so that it may be economical and
safe. For example, vanadium redox flow batteries can be

placed in gas stations and they can support fast charge systems
[32]. A PV based charging station with power forecasting
capabilities designed for Ankara city, Turkey has been
demonstrated previously. Such technologies may improve the
grid infrastructure to provide wide options for EV users. Some
other storage systems may use certain places and mobile
charging stations. Mobile charging stations can help the grid
when the grid support overloads of EVs. They should be made
by ultra-capacitor and lithium batteries such as LiTiO/
NiMnO, and LiFePO, [29]. Storage systems in the grid are
distributed and need to be controlled accurately. Control
systems must control other distributed small-scale control
systems [30]. For example, in the case study with Cg/
LiNiCoAlO, type battery used in grid side (home or office),
the cell temperature of batteries can be calculated by [33]:

da
me, =Ty + hA[Te) = Tamp] = 1V = Voc) (6)

Where, m is cell mass to the unit gram, c, is cell heat
capacity in joule per kilogram kelvin, T is battery bulk
temperature in kelvin, h is heat transfer coefficient in watt per
square meter, A is cell surface area, and T, is ambient
temperature. Temperature is one of the important factors
influencing degradation. However, capacity fade and power
fade also cause battery degradation. Both of them can be
calculate by [33]:

CF=1— Q - /"CFQrated (7)

Qrated - /’LCFQTated
_ 1 ( Ry + R, 1 ®)
upr Ro(0) + R;(0)

Where, PF is power fade, CF is capacity fade, Q is cell
capacity, Qrqteq iS the maximum discharge capacity defined
by manufacturer, u.p is factor of the cells’ rated capacity, pupg
is factor of the cells’ total resistance. Fig 3 gives the battery
Thevenin model.

I
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Fig 3: Thevenin equivalent model of battery [33].

In addition, cost of the battery degradation can be calculated
by [33]:

£4eg = Max[CF X £pq¢, PF
X £part] €©)
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All of the mentioned issues are related to the battery life but
the usage method of the batteries is alos important, as they set
the battery performance while using them all together on the
grid. The battery management system must follow the battery
statement according to the SOC. SOC estimation should
consider some other parameters such as thermal and
mechanical effects on the storage system since all of them are
effective parameters. SOC of the battery is the ratio of battery
energy consumption and voltage of the battery. Relationship
of the battery SOC and battery voltage curve can be
determined by some tests on the battery with some battery test
machine in a limited number of cycles (0-1000). SOC
conditions in charge/discharge mode and open circuit mode
are different. Fig 4 shows the difference between (a) voltage /
SOC and (b) charging/discharging and open circuit voltage
[34].

The Ratio Curve of Voltage, Time and SOC
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Fig 4: (a) Voltage, time and SOC ratio curve: SOC decrease
follows a straight line, whereas the voltage stays almost
constant over maximum part of the range; (b) voltage and
SOC ratio curve in charging, OCV and discharging mode: the
graphs are identical for these three scenarios - charging
voltage having the highest value, and discharging voltage
having the lowest.

All SOC estimation algorithms have error ratios and they
change between 1% ~ 5%. Extended Kalman filter (EKF) with
<1%, genetic algorithms (GA) with <2% and bi-linear
interpolation (bi) with <5% are algorithms error tested on the
LiFePO4 storage. EKF algorithm is very accurate for
estimating targets depending on input data quality, so EKF is
an algorithm to find the correct target by target prediction and
measurement [35]. Also this algorithm is used in aircraft and
aircraft detection radars to follow targets, it means that the
EKF algorithm is one of the best target following system for
users. In SOC estimation, case the OCV and current of circuit
can be calculated from:

Kirchhoff’s law:
UOCV = UT + iLRO + Ul (10)
. au U
lL = Cl d_tl + R_i (ll)

Laplace transform:

i = CisUL(S) +—Uy(S) (12)
Us(s) = () i oz (13)
Uoey (s) = Ue(s) = (). (Ro + 1) (14)

Bilinear transform:
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2 1-z71
T T 14271

(15)

Upev(z™) = Up(z71) =

RoT + RiT + 2RoR,Cy | RoT + RyT + 2RoRiCy ,

o T+ 2R, C, T+ 2R, C; 1
Bz T — 2R,C
1+ TillZ -1
+ 2R, C,
(16)

Inverse Z-transform:
To simplify the equations, let us consider the following
parameters:

_ _T-2R4(
a = T+2R.Cy 17

— _ RoT#R1T+2RoR1Cy
a = T+2R1C1 (18)

— _ RoT+R4T=2RoR1Cy
az = T+2R.Cy (19)
Ue(k) = Upey (k) — ayUpey(k — 1) + a, U (k — 1) +
ayiy (k) + azi (k — 1) (20)
M (k) = Ugcy (k) — aUpcy (k — 1) (21)
Ut(k) = M(k) + alUt(k - 1) + aziL(k) + a3iL(k - 1)

(22

If transformed into vector notation:
o) =[1U(k—1)i,(k)i,(k—1)and
0(k) = [M(k) a; a, a3]T (23)
Ue(k) = (k)6 (k) (24)

Mentioned methods are to achieve OCV and SOC curve in
battery Thevenin model. Some other algorithms such as
recursive least squares (RLS) and least mean square (LMS)
may optimize Thevenin model calculation. Also some
methods improve both RLS and LMS algorithms. All of the
improvement methods are created to reduce base algorithms
such as EKF error rate. According to context, the storage
systems must be powerful and the control systems should have
full access. The storage systems work properly when they are
designed with proper parameters, and sound understanding of
the whole system.

6. Environmental Issue

Site selection and modeling of grid depends on
environmental conditions, as these are different in each
location [31]. For example, the environment of Iran is the
same as Turkey but environmental conditions of Alaska or
Siberia is different from Turkey and lIran. Priority of some
factors changes by environmental location. Weather, the
flatness of area, shape of the buildings in an area and such
cases play vital roles in choosing EV charging station
architectures [36]. In some cases, the area has a low density of
population, which is an ideal condition. So, the management

of grid has time to respond to the EV load. However, in most
cases, the grid needs power immediately, and energy
generators such as renewable energy or CHP should be added
quickly. In different locations, it can be determined by high-
speed communication systems, such as long-term evolution
(LTE). Because of diverse EV battery status and number of
charging stations, information must be stored in certain
databases to help EV users and grid management [37].
Calculation and prediction of charge status are very easy even
without GPS signal or related equipment and it can be
transmitted by some telecommunication equipment. It can be
calculated with speed and time parameters in comparison to
the previous charging station in the trajectory [38]:

N Vk(tiiAt,linki)
k=1 N

v (ti—q, link;_,)

if N>1

v;(t;, link;) =
Sy if N=1

(25)

Here N is the number of EVs that are temporary in a selected
charging station during the time break, v;(t; link;) is the
speed of the j — th vehicle at time ¢; in the station link;. It
relates to infrastructural issues. For example, an area with
unevenness needs more power and charging station than a
more even area. In fact, the environmental conditions
determine our grid model and charging station locations [38].
Environmental analysis should be done carefully. Potential of
location from each side of the grid (supply/demand) depends
on environment conditions such as: weather, structure of the

buildings, terrain, potential of renewable energy,
electrification of location, and available communication
technology.

7.Budget

The budget of each project is an important motivation. But
the project provision of the budget may happen in two ways.
In some projects, it may happen before project initiation. But
in some others, it may happen over a short/long time after the
project starts. Electric fleet systems need a big budget and it
should be supplied before the start of project and provision of
project budget will happen after short/long time that depends
on the economic condition of the area [39]. The profile of the
conception in each location is different from other locations
and each has a typical profile. Usage algorithm of some areas
is achieved by those profiles [40]. Priority of some factors
depends on the custom of location. The budget profiles are
calculated by usage pattern in downtown/urban/suburb,
infrastructure of grid, and environmental condition. Usage
pattern has an influence on energy consumption of the area.
For example, people of the Middle East use energy more than
the people of EU or Asia. However, according to the
environmental condition in the Middle East, the usage should
be less. In fact, low price of petrol had a bad influence on the
consumption culture; which is used to be the same in the US
in the past.
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The infrastructure of the grid should be upgraded with the
least number of converters and loss, as the energy loss in the
grid is against the budget. Some governments save money by
decreasing energy loss and some governments spend money to
decrease energy loss [41]. Finally, the governments should
offer some profitable plans to the investors, as the investors
determine which projects are economical and which ones are
not.

8. Summary

All of the mentioned issues are considered to protect grid
and produce high-quality electric power. However, those are
just some threats when the grid supplies EVs in a certain
location. In one of the MATLAB examples provided in its
official website (24-hour Simulation of a Vehicle-to-Grid
(V2G) System), by adjusting the number of cars (2 times more
than original quantity), results of “Load, active load and
reactive load” curves are observed to change as shown in Fig
5. It gives load curve from 1~2 seconds on the grid. They
show unexpected incremental behavior in load curve from
9.7*10"6 to 11.8*10"6. Load increase/decrease needs
more/less power supply when the quantity of cars is changed.
It may affect the electric power quality in negative direction.

Load Curve on the Grid

14

12} Double Load |

[
(=]

Default

Load in MW
o

0.5 1 1.5 2
TIme in Seconds

Fig 5: Load after and before adjustment of quantity of cars.
The amount of 9.7*10”6 rose to 11.8*10"6.

Fig 6 shows active power load of the grid in unexpected
decrement (1~2 seconds). The active power load at the
beginning decreases from 2.9*1076 in the first situation to
0.9*10”6 in the second situation. After this increase, in the
second curve, active power increases from 7.3*10”6 in the
first situation to 8*1076 in the second situation. The negative
impact in the second situation is harder than in the first
situation. It may reinforce protection error and reduce power
quality. So the grid needs power balance when the EV
quantity is increased or decreased. Sometimes it may cause
errors in the grid.

Fig 7 gives reactive power during sudden change.
Difference between first and second state is that the sudden
ups and downs are increased in the second state. Sudden up
and down in reactive curve reduce grid safety, therefore
protection system in the grid must be prepared for these
changes. In this situation, the grid protection system
automatically removes some safety procedures and some real
errors. Those problems influence grid responsibility.

The curves show that grid may be damaged and fail to protect
in each unprecedented situation. Grid safety is in danger when
the sudden ups and downs happen in the load curve.

The following conditions must be considered in the
existing situation:

e Infrastructure equipment should have required ratings
in switching and regulating condition. So the grid
needs 800V/500V DC line and 240V AC line with
more power to support charging station equipment.

e All existing sources should be used in the grid,
although the whole capacity of them should not be used
because we need it to reach a balance. The goal is to
use clean energy.

e The cycle of charge and discharge of EVs should be
taught throughout the world because the future vehicles
are the electric vehicles.

e Location and area condition must be analyzed by grid
designers to provide efficient energy.

The budget delivery schedule should be calculated
accurately for encouragement.

10 Load Curve on Grid to Observe Active Power Load
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Fig 6: Active load after and before adjustment of quantity of
cars.
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Load Curve on Grid to Observe
Reactive Power Load
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Fig 7: Reactive power after and before of the cars’ quantity is
adjusted.

9. Conclusion

Uncertainty of data and algorithms with errors can lead the
grid to crises or undesirable condition. EVs in the grid and
other customers have the same reaction in some conditions
and grid controllers should control the grid according to
situations in the grid that can happen in the moment. In this
paper, some base factors have been illustrated, which have
ability to create instability in the grid. In order to do that, the
infrastructural requirements, required supply system and
policy outlines, suitable storage techniques, relevant
environmental factors, and budget considerations have been
discussed. Finally, the findings have been validated through
MATLAB simulations.
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