Smart Charging of Electric Vehicles
Requirements, Challenges and Opportunities

IEEE International Conference on Vehicular Electronics and Safety
September 12-14, 2018
Madrid, Spain
Ghanim Putrus
Professor of Electrical Power Engineering
Northumbria University
Newcastle upon Tyne NE1 8ST

E-mail: ghanim.putrus@northumbria.ac.uk
Acknowledgement
Mr Richard Kotter
Dr Gill Lacey
Dr Tianxiang Jian
Dr Susan Wang

Dr Edward Bentley
Mr Ridoy Das
Mr Ahmed Al-karakchi
Dr David Johnston

Presentation Outline
• Introduction
• The Need for Smart Charging
• User requirements
• EV charging and the Environment
• Interaction of EVs with the Grid
• Battery State of Health
• Smart Charging control
• Summary

Northumbria University
Over 35,000 students and 3,500 staff, including over 500 PhD
students

Academic Faculties
1. Faculty of Arts, Design and Social Sciences
2. Faculty of Business and Law
3. Faculty of Health and Life Sciences
4. Faculty of Engineering and Environment
• Department of Maths, Physics and Electrical
Engineering

40 kWp PV Façade
Northumberland
Building

–
–
–
–
–
–
–

Electrical Power and Control Systems
Renewable Energy Technologies and Materials
Optical Communications Research Group
Smart Materials & Surfaces Laboratory
Mathematics of Complex and Nonlinear Phenomena
Applied Statistics
Solar Physics

Electrical Power and Control Systems
Research Group
Wind and PV technologies,
condition monitoring and
controllers for renewables

Integration of
renewables
and electric
vehicles into
the grid

Smart
Grids

E-mobility

Electrical
Power &
Control
Systems

Power
Electronics

Drive
Systems

Lithium ion battery (for EV):
Performance analysis and
smart charging

Optimisation,
smart sensors
and advanced
controllers for
energy
management

Recent Projects
•

Policy & Business Case for V2G; Smart, clean Energy
and Electric Vehicles 4 the City (SEEV4-City); EU;
2016-2019.

•

An intelligent battery charger for electric vehicles
applications; KTP; Innovate UK, July 2014-2016.

•

Study V2G and EV battery life cycle; E-mobility NSR;
EU; 2011-2014.

•

Modelling tool to evaluate impact of EVs and V2G on the
electrical supply infrastructure; CYC; UK; 2012 -2014.

•

Stability and Performance of Photovoltaics (STAPP),
“Maximizing Energy Capture and Grid Support”; EPSRC;
UK; 2012-2015.

•

Smart Grid Interface Controller for Dynamic Energy
Management of Electrical Vehicles. 2010-2013.
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Smart, clean Energy and Electric Vehicles 4 the City
(SEEV4-City)
• SEEV4-City is an EU project funded by the
Interreg North Sea Region programme
with main objective to demonstrate smart
energy and electric mobility solutions.
• October 2016 to 2019 (total grant Є4.313M)
• 10 partners working on 6 operational
demonstration pilots focusing on different
aspects of the integration of electric
vehicles, grid supply and renewable energy
sources.

Current EV Charging Options
4.5

Voltage / V

4.1

2000

Voltage

1600

Current

3.7

1200

3.3

800

2.9

400

2.5
0

0.5

1

Capacity

0
1.5
t/h

2

2.5

Existing chargers provide limited
controllability regarding charging
specifications and flexibility to the
user regarding charging time and
length of next journey.
New chargers are getting better but
they are not smart enough!
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The Need for Smart Charging
• Meet user requirements (e.g. charging time, length
of next trip, driving and journey profile).
• Monitor and maintain the battery in good State of
Health (i.e. optimum charging profile to reduce
battery degradation).
• Reduce the impact of charging on the grid.
• Use EV battery as a distributed dynamic load and
energy storage to support the grid and deal with
intermittent nature of generation from renewables.
• Charge from renewable energy, otherwise EV is not
green.

User Requirements
• User experience, user behaviour, journey profile, etc.
• Charge at home, work, street or fast charging.
• Most users charge daily at home.
• Most journeys are relatively short (well below the
maximum range of the EV).
• Most EVs are used for relatively short periods during
the day.
• Range anxiety.

EVs Present Challenges
• Challenges for the EV owner (and manufacturer)
– High up-front cost.
– Uncertainty about the residual value (battery
degradation).
– Limited battery energy/power capacity and driving
range.
– Availability of a reliable (fast!) charging infrastructure.

EV Total Cost of Ownership (TCO)
EV TCO remains high, as compared with ICE based vehicles, and
therefore the global EV stock is currently very small (0.1% of all
passenger cars). Why?
• EV production costs*: ~50% battery; ~30% drive system;
~20% manufacturing of the body
• To reduce the TCO of EVs:
– Reduce manufacturing costs by economies of scale, new battery
technology, improve design, etc.
– Provide appropriate charging infrastructure & reduce charging costs.
– Find other uses for EVs, e.g. provide energy services (V2G, V2H).
– Increase residual value of the EV by reducing battery degradation
(extend battery life) and redeploy used EV batteries for stationary
application (second life).
Source: How to reduce EV production costs? EV Battery Tech USA, cars 21, 7th
October 2011 http://www.cars21.com/news/view/670.
*

Challenges for the Environment
• Charging from renewable energy resources
– EV needs to charge from renewable energy, otherwise it is not
green transport.
– Exploit the synergies between renewable energy generation
and charging profiles. Thus, reduce the amount of curtailed
renewable energy whilst charging EVs.
– Charge from local generation, so increase energy autonomy
and reduce grid losses.

CO2 emission due to the
operation of ICE and EV
in Europe
D. Hall and N. Lutsey, ‘Effects of battery manufacturing
on electric vehicle life-cycle greenhouse gas emissions’,
The International Council on Clean Transportation,
February 2018.
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The energy mix to charge the EV, and hence CO2 emissions,
changes during the day, week and season.

Energy mix based CO2 emission for
the UK on 09/11/2017

http://gridwatch.co.uk/co2-emissions

Challenges for the Grid
• EVs have high energy capacity and mass deployment
• EVs are ‘mobile’ active loads.
• Charging demand to be met at home, office and
public stations (car parks)
• As range increases, battery size increases and
charging becomes more challenging
• Increased penetration of EVs will increase peak
demand and make system voltage, frequency and
stability difficult to control.

Wide-Scale Power Outages (Blackouts)
•

Not planned, affect at least 1,000 people, last at least one hour and
causes at least 1,000,000 person-hours of disruption.

2017

10

March 1, New York and 5 other states. 10M affected.

2016

4

June 7, Kenya blackout (4 hrs), caused by a rogue monkey. 20M affected

2015

7

January 26, Pakistan blackout due to technical fault. 140M affected

2014

7

November 1, Bangladesh power outage for ~10 hours. 150M affected

2013

9

March 22, Belfast power outage caused by a technical fault during a storm.

2012

6

July 31, India blackout, is the biggest ever in the world, 620M affected

2011

14

Sept 24, north and central Chile. 9M affected.

2010

9

March 14, Chile blackout left 15M people (90% population) without power.

2000s

49

2 Major (2001 India 230M & 2005 Indonesia 100M). 1 EU (2006 15M) & 3 UK

1990s

13

Dec 26 1999, France 3.4M affected. One of greatest by a developed country.

1980s

7

Oct 16 1987 a storm interrupted UK-France d.c. link, causing outages.

1970s
1960s

6
2

July 13 1977, New York 9M and Sept 20, Quebec, Canada 6M affected.
Aug 5 1969, Florida, 2M affected.
https://en.wikipedia.org/wiki/List_of_major_power_outages

Modelling Tool to Evaluate Impact of EVs and V2G on the
Electrical Supply Infrastructure and EV Battery Degradation
A computer model was developed to analyse performance of existing
and future distribution networks (smart grids) with and without EVs,
renewable energy and low carbon technologies.
The model allows evaluation of the impacts of EV charging and analysis
of smart grids solutions, G2V, V2G, smart charging and the impact of
battery cycling on the battery state of health.

Battery
Degradation
1.9%
Degradation after
one year
10.77

Results Page

The Data Input Page
The modelling tool was developed as part of a project funded by Charge Your Car North
(Electric Vehicle Infrastructure).
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• Increase of ~14% loading for every 10% increase in houses with EVs
• EVs at 20%: Operation of the OLTC keeps the voltage within the statutory limit.
• EVs at 30%: The OLTC reaches its maximum limit and voltage levels at some
points drop below the limit.
• With 7 kW chargers, the increase in loading is ~30% and the OLTC limit is
reached at around 10% EV penetration level.
Putrus G., Suwanapingkarl P., et al, “Impacts of Electric Vehicles on Power Distribution
Networks”, IEEE VPPC, Michigan, 2009, pp 827-831.
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• ‘Smart’ charging and V2G (using the right policy and incentives for
customers), will reduce daily power demand, allow better use of available
asset (match network capacity) and match RE generation.
• Need to consider the impact on battery degradation.

24

Smart Charging to Meet User Requirements
• EV user requirements are defined in terms of the next
journey length and the time the user is willing to wait for
charging to complete.
• Charging only the necessary amount of energy required for
the next journey (allow for user behaviour & driving
conditions) can help the grid and extend battery life.
• With smart control, EVs may be charged/discharged with
minimum degradation to the battery, thus increase the
residual value.
• Find other uses for the EV and reduce the total cost of EV
ownership.
• Smart charging allow the driver to override the controller in
order to meet an urgent travel with no interruption.

Smart Charging to Support the Grid and the
Environment
• EV driving profiles and RE generation may be
complementary and therefore provide
opportunities for the grid, EV user and RES.
• Provide support the grid (Vehicle for energy
services).
– Plug in to the grid and recharge the battery when it
is best for the grid (smart charging) or when the
price is right.
– Provide energy ‘storage’ for supply-demand
matching and ancillary services, e.g. voltage and
frequency control.

• Charge from available RES and help to deal with
their intermittency and also the environment.

Potential Storage Capacity of EVs
• At the end of 2012, there were 34.5
million vehicles licensed for use on the
roads in the UK.
• Assume 10% of existing vehicles
become electric and that average
battery capacity is 25 kWh. This gives a
potential total battery energy capacity of
86.25 GWh.
• Assuming that 50% EVs are available
for grid support and that only 40%
battery capacity is used (to reduce
battery degradation), there will be up to
17.25 GWh storage capacity available
to support the grid.

Surges in demand of
electricity during EnglandGermany World Cup semifinal
4th July 1990

Great Britain Department for Transport; Vehicle Licensing Statistics; Statistical Release 11 April 2013

Challenges for the Battery SOH
• Battery is the most expensive part in the EV, so it is important
to reduce degradation and extend battery life, especially if the
battery is to be used to provide ancillary services. Currently
cost of degradation varies between €0.03-0.3 per kWh.
• Battery performance and lifetime are very sensitive to internal
factors (e.g. chemistry, structure) and operating conditions,
(e.g. cells balancing, temperature, charging/discharging
regimes).
• Need to clearly understand battery aging mechanism and
factors that affect this in order to define favourable
charging/discharging profiles, which may be achieved by
using smart charging and smart BMS.

Battery Management System (BMS)
•

Monitor the state of health of individual cells.

•

Ensure that cells voltages and loading are balanced.

•

Protect the battery from operating outside its safe operating area.

•

Communicate with external environment.

• Tesla 85 kWh battery pack contains 16 modules; each contains 6
groups of 74 Li-ion 18650 type cells with a total of 7,104 cells.
• Nissan Leaf 24/30 kWh battery pack contains 48/24 modules; each
contains 4/8 Li-ion NCM 622 laminate type cells with a total of 192 cells
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Smart charging can reduce battery capacity loss

EV Battery Degrades with Time and Use

teslamotorsclub.com

Battery Calendar-Loss
•

Permanent capacity loss increases with temperature and SOC.

•

Not all Li ion batteries behave the same.
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https://batteryuniversity.com/learn/article/how_to_prolong_lithium_based_batteries

The remaining capacity in batteries stored for one year
at different temperatures and SOC

Battery Cycle-Loss

New
battery

Permanent loss in Capacity (kWh) and performance (kW)
due to increased internal resistance

Battery Cycle-Life Degradation Factors
Effect of temperature on capacity loss
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Effect of Charge Rate on Battery SOH

•

Cells are not designed to run at 1C so
results for 23kW is not typical.

•

Cells have different C capability but all
show increased ageing with rapid
charging.

• Tests at different charge rate show some variation but the trend is clear.
• Battery SOH is best at low charging/discharging current.
• Smart charging can prolong battery life by charging at the lowest
convenient current rate and avoid fast charging/discharging, especially
when ambient temp is high.

Battery SOC Varies with Cycling Regime
1.00

Assumptions:

State of Charge

0.80

0.60

SOC(1)
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0.40

0.20

0.00

An average journey time of 40
miles is equivalent to a charge
of 40% if the EV can run for
100 miles on one charge.
Batteries charged to 75% SOC
SOC between driving is 50%
SOC at end of driving is 30%
Uncontrolled: EV is charged
immediately after driving.

time in hours

• The average SOC over 24 hours is highest for
Uncontrolled charging and lowest when V2G is
used before charging.

Delayed: EV is charged
immediately before driving
V2G: after driving, EV is used
to support the grid and then
charged.

Capacity Loss versus Charging Regime
Lab tests for cells cycled over 15 months show the effect of these
cycling schedules on battery degradation.

•

Assuming constant temperature, battery degradation is determined
by the battery average SOC and charge transfer during cycling.

•

Controlled (Late) charging and V2G result in lower average SOC and
this reduces capacity loss.

•

Smart charging can lower average SOC by charging before next
journey and only the necessary amount of energy required for the
next journey.
capacity loss (% / Cycle)
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Standard and Modified Charging Profiles

Standard Constant Current Constant Voltage (CC-CV) profile
Currently considered to be fast and
better way of charging Lithium ion
batteries.

Modified charging profiles
By introducing rest and/or
negative pulse periods
throughout the charging period.

Capacity (Ah) Loss
• Normalized Battery capacity for different charging profiles
measured at the start of the discharge period.
•

Results obtained show a
reduction in battery
degradation of about 2.5%.

•

Considering that EV
manufacturers recommend
that EV battery is replaced
when the capacity drops to
80%, this represent around
12.5% of the useful
capacity of the battery.

Smart EV Charger
•
•
•
•

Meet driver requirements (e.g. charging time & length of next trip).
Reduce battery degradation.
Support the grid, by charging during off-peak times
Charge from renewable energy (when possible)
This led to a Knowledge
Transfer Partnership (KTP)
project with SEVCON
funded by Innovate UK
(£137k) to develop a ready
for market controller was
completed in July 2016.

Jiang T., Putrus G., et al, “Development of a Decentralized Smart
Charge Controller for Electric Vehicles”, Elsevier Journal of Electrical
Power & Energy Systems, Volume 61, October 2014, pp. 355–370.

The Smart Charge Controller
The smart controller determines the optimal charging current by considering user
requirements (journey length and charging waiting time), network condition and
battery SOH (based on information from BMS).
The priority of each input can be weighted depending on the design requirements.

Experimental Results

A Smart controller for Dynamic Energy
Management in the Built Environment (V2H)
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Smart Charging Control in a Smart Grid
•

Centralised control

•

Distributed control

•

Hybrid control

•

‘Transactive’ control
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Summary
•

EVs have high energy capacity and their mass deployment can
have negative impacts on the grid and the environment if charging
is uncontrolled or can provide valuable support if smart charging
is used.

•

Opportunities for smart charging to meet driver requirements,
provide support to the grid, charge from green energy and extend
battery life. Smart charging may also be designed to allow for
driving behaviour, traffic and weather conditions.

•

A successful business model for vehicle for energy services
(V2G) would not be possible without clearly defining the rules for
smart charging that considers the benefits to the grid and other
stake holders and the costs of battery degradation and required
infrastructure.

•

Smart charging is best implemented as part of the smart grid
through smart meters, local controllers and two-way
communication links.

