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e-mobility
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Charging Options e-mobility

Power

& -
_ Home charging | Public charging Fast charging

3 or 7 kW 23 kW Up to 50 kW
Time 8 or 4 hours | hour 20 mins (80%SOC)
Average C-Rate 0.120r 0.25C | C 3C

Existing chargers provide limited controllability (e.g. charging specifications) and

flexibility to the user (e.g. charging time and length of next journey).
That is: they are not smart !
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The Need for Smart Charging @-mobility

User requirements

Battery State of Health

— This is very sensitive to the charging/discharging regimes

Grid Impacts

— EV batteries have high energy/power density

— Charging can have negative impacts on the grid but also provide
opportunities.

Charging from renewable energy resources

— EVs are not green unless charged from renewable sources
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User Requirements e-mobility

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

The 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 can help the battery SOH and extend its life.
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Battery State of Health (SOH) e-mobility
D

L
< Selfdischarge 3 < Temperature

Degradation
Factors !

EV (Li ion) battery degradation (aging)
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Effect of Temp. on Battery SOH e-mobility

3000
PERMANENT CAPACITY LOSS VS. STORAGE CONDITIONS T\
L, 2500
Storage Temperature 40% Charge 100% Charge 5 / \
g 2000
0°C (32 °F) 2% loss after 1 year 6% loss after 1 year 5 yd \
1500
25°C (77 °F) 4% loss after 1 year 20% loss after 1 year i \\
40°C (104 °F) 15% loss after 1 year 35% loss after 1 year © 1000 I
60°C (140°F)  25% loss after 1 year 40% loss after 3 months 500
) N i 0
http://batteryuniversity comleam/article/how_to_prolong 0 20 40 60

lithium_based_batteries
Temperature (°C)

Effect of temperature on calendar loss Effect of temperature on cycle life

» Permanent capacity loss (ageing) increases with temperature.

« EV batteries are designed to operate at an ambient temperature between -10°C and
40°C. However, during cycling, battery SOH is best at room temperature

(around 20°C).
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Effect of Average SOC on Battery SOH e-mobility

« Test results verify the literature, that  This can be achieved by delaying

low average SOC reduces capacity charging until required for next use
loss and thus increases battery life « Smart charging will lower average SOC
0.120 09
0.100 08
0.080 — 0.7
0.060 | 0.6
E‘ 0.040 & CRPF 3KW 0.5 s Qrrival
E, 0.020 & CRPF 7kW 04 aelayed
= 0.3
0.000
[ delayed V26 arrival 0.2
-0.020
01
-0.040
0
-0.060
Based on 4 ‘Enix’ Li-ion cells, capacity 6.8Ah Smart charging can lower average SOC

cycled on a daily basis between 25 and 75% SOC
for 100 cycles. .
Battery SOH is best at low average SOC
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Effect of Charge/Discharge Rate on

Battery SOH

Tests at different charge rate show some variation but the trend is clear

0.400

% capacity loss per cycle

0.350

4

0.300
0.250

0.200

0.150 r——

0.100 *

0.050

0.000

current (A)

kW equivalent charging rate | % capacity loss / cycle
3 0.013
7 0.028
23 0.3200

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

Battery SOH is best at low charging/discharging current
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Cycle Numbers

e-mobility

1.2

10000
a
1000
&
L2
100 T T T T
0 0.2 0.4 0.6 0.8 1
Current rate (C-Rate)
Change in internal resistance | Change in capacity
(over 100 cycles) (over 100 cycles)
1 C cycling 4.5% 1.4%
2 C cycling 44% 2.6%

Different cells with 2C capability show
increased ageing with rapid charging
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Effect of DOD or Change in SOC on - .
Battery SOH U e-mobility

Capacity decreases with depth of Results appear to show that the effect of
discharge DOD is not statistically significant

100,000 s

3

Expected Average Cycles

! | 203 } | ! 0.1
o
1
E n
1000 ot e e e e — . — 3 0.05 I
11 N I N N I I A 1 0 —g I . ‘-I‘ II .= II
0.7 0.8 0.8
DOD

0.3 D.I 0.5 0.6 0.9 1

100 + ' ' : | -0.05 I
0 10 20 30 40 S50 60 70 80 20 100

Depth of Discharge (% of 20 Hour Capacity)

W capacity loss per 100 cycles at 0.7 capacity loss per 100 cycles at 0.5 & capacity loss per 100 cycles at 0.3

The graph is for a Lead acid battery, but is typical
for all cell chemistries including Lithium-ion. Battery It is unclear whether DOD is the same as
life depends on the total energy throughput that the change in SOC as published results always

active chemicals can tolerate. Ignoring other ageing  yse 100% SOC as the max value
effects, the total energy throughput is fixed so that
one cycle of 100% DOD is roughly equivalent to 10

cycles at 10% DOD and 100 cycles at 1% DOD. Battery SOH is best at low DOD

}
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Smart Charging can prolong the e-mobility
life of the battery

» Keep battery temp around 20°C

— Ensure BMS keeps cells temperature within range

— Avoid fast charging/discharging, especially when ambient temp is high
» Keep average SOC low

— Minimise charging as much as practically possible. Charge before next
use (smart charging).

— V2G can be used to minimise average SOC!

» Keep DOD low

— Allow low charge/discharge several times rather than full
recharging/discharging

» Keep charging rate low

— Charge at the lowest convenient current rate whenever possible

}
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Impacts of EVs on the Grid e-mobility

Uncontrolled loading due to increased deployment and potential

increase in peak demand

EV as part of the Smart Grid

EVs have high energy capacity and mass deployment

Charging demand to be met in car parks

Dealing with uncontrolled ‘mobile’ loads

Seasonal ‘migrations’ of demand

Plug-in and charge the battery at will or when the price is right

Provide ‘energy storage’ for supply/demand matching

Provide ancillary services and network support, e.g. voltage and
frequency control

Charge EVs from available generation from renewable energy

Need smart grid interface controllers
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Impacts of Large Deployment of EVs e-mobility

Meeting energy requirements of EVs from available grid capacity

— A study has shown that the UK national power grid is adequate for up to 10%

market penetration of EVs. This is based on available generation and
aggregate network capacity.

The following need to be appropriately assessed:

The Interreg IVB 3
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Uncontrolled loading at distribution level due to increased deployment of
EVs and potential increase in peak demand

Change in voltage profiles and violation of statutory limits
Phase imbalance (specific to 1-ph interface devices)
Reverse power flow (V2G)

Interference with network protection (EV interface devices may be designed to
minimize/eliminate this).
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System Analysis

e-mobility

A computer model was developed to simulate a typical LV network and show
how the power flow and voltage vary though a 24 hour period with and without
EVs, renewable energy sources, battery energy storage, heat pumps, etc.

The model allows evaluation of the impacts of EV charging posts and analysis of
smart grids solutions, G2V, V2G, smart charging and the impact of battery
cycling on the battery state of health.

Zswrice  Zine line2| line 31 ine4 | fine 51 line 61 line7 |
1 1 | 1 | |
v v v v A\ v

User Inputs

Mumbria
UNIVERSITY NEWCASTLE

Battery Cycling Node1 MNode2 Node3 Noded Mode5 MNode
Pattern No | 7 1B un  n 6 1
Non-domesticioad-tjpe | none school shops lightind school none NetworkType | Other |
Numbes of home charges per week: 5 2 4 2
Home charging [ 3kW 0 (] [] 0 No. of households| 300
rate 0 0 [ 0 0 Length of cable fkm) | 3
0 o (] 0 0 Fault level at source {MVA) |30
L] o 0 o 0
0 o 0 0 0 Ambient 11KV400V Transformer (KVA)
0 0 0 0 0 Temperafure (°C) MNominal voltage (V)
0 o (] 0 0 Seasonal Winter Transfomertzp | 25 |
Value outside sensible limits 5
consider reducing
Black start Bulk storage kit
EV Charging Only Mode V26 Mode NO 0

Deman Side wanagement [INEEI
V26 when connected

Start time Chargers start charging at specified ime

Start charging at UE 00 ueaj, far driing at

‘Connection time

EV Battery
Capacity ofEV battery M-J-
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Detailed Feeder Cable

Type Length (km)
Line 2 |AL Consac 120 mm2 01
Line 3 |AL Consac 120 mm2 0.1
Lined |AL Comsac 70 mm2 005
Line 5 |AL Conssc 70 mm2 003
Line 6 |AL Comsac 70 mm2. 005
Line 7 |AL Consac 70 mm2 01
Season Loads Power Factor |

\ Flanders
\ State of the art

RETURN TO_ TRANSFORMER
RESU LTS INPUT FORM OVERLOAD
Line impedance within limit
Parameters VOLTAGE OVERLOADS
Date 2310112012 Within limits at node 2
Season winter 11kV  Urban Within limits at node 3
Loads distributed Transformer Within limits at node 4
Houses 486 kVA 750 Within limits at node 5
Heat pumps 0 nom V 240 Within limits at node 6
Evs - 3 kW 1 tap (%) 25 Within limits at node 7
Evs - 7 kW 1 400 V cables
Evs - 23 kW 0 Line2 300 mm2| CURRENT OVERLOADS
Evs - 50 kW 0 Line3 240 mm2| Exceeds limit on line 2
Charging delayed Lined 185 mm2( Exceeds limit on line 3
phased iLine5 120mm2| Exceeds limit on line 4
DG Line6 70 mm2| Within limit on line 5
PV 0.1 Line 7 70 mm2| Wi imit on line 6
CHP 0 Within limit on line 7
Wind 0
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EV charging on arrival in
Winter (uncontrolled)

e-mobility

Transforme loading pu

2.5

base case

—— 10% EVs
20% EVs /\

e 30% EVs \

~___ A

0 3 6 9 12 I5 18 21 24
Time of day

Transformer Loading

Increase of ~18% loading for every 10%
increase in houses with EVs
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1.04

1.02

Node 7 Voltage pu
© o o o
W WV VW o
N S o o] -_

o
©

\ — /

—
base case
e | 0% EVs el
20% EVs \ l
e 30% EV's |4
0 é él, ‘IJ II2 II5 II8 2I I 2I4
Time of day

End of line voltages

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.
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30% EVs with phased charging to
avoid overload and excessive

voltage drops

Transformer loading pu

2.5

0.5

1.04

1.02

30% EVs

===30% Evs phased charging

©
0
o0}

©
)
o

Node 7 Voltage pu

©
)
X

o
O
N

Time of day

Transformer Loading

0.9

e-mobility

\SEEN

— /

S —

\_—

30% EVs

e 30% Evs phased charging

w
o -

9

12 I5 18 21
Time of day

End of line voltages

‘Smart’ charging, e.g. by using incentives for customers, will reduce daily
variations and improve load factor (match network capacity)
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30% EVs with V2G to avoid
overload and excessive voltage

drops

e-mobility

Transformer loading pu

2.5

30% EVs

e 30% Evs with V2G

[\ — NV

N

Time of day

Transformer Loading
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1.04

1.02

Node 7 Voltage pu
o o o o
) 0 ) 0
N S o o] -

o
0

NN\
WA

Em——

AOLEN\/
U/ EVS

==30% Evs with V2G

Time of day

End of line voltages
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2050 level of renewables in e-mobility
Winter and Summer

Transformer loading pu

| 1.14
0.8 /‘\_\ 1.12 -
o)
y AN | \ &
o0
0.2 AN / \/\\ II \ / 8 1.08 /\ /A
e E / \ / \
0 . T T T z 1.06
02 ( 3 6 9 12 15 18 21 24 2 / \ / \
. ) -
=U. :
-0.6 ——2050 renewables —— 'g 1.02
5 \/ base case 2050
-0.8 W, I RES
| e==12050 renewables with
timed phased charging 0.98 . . : : . . . .
-1.2 0 3 6 9 12 5 18 21 24

Time of day ]
time of day

End of line voltages
90% EVs in summer with G2V to
avoid over-voltages

Transformer Loading
50% EVs in winter with phased charging to
avoid reverse power flow

‘Smart’ charging will improve the quality of supply, support integration of renewable
energy sources and charge EVs from renewable energy (zero carbon EVs)

}
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Smart Charging

Renewable

Distribution

Charging Current

Communication

Communication
Link

>

N
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The Smart Charge Controller e-mobility

The smart controller determines the optimal charging current by considering the
network condition, the battery’s state of health (based on information from the

battery management system), and user requirements (journey length and
charging waiting time).

(A (B)
Battery User Requirements

BM

Waiting Time ) Journey | Volt.

Cycle N sSOC {r’

Delta SOC

User defined charging
current rate
Se

S S3
Fuzzy Logic

Controller

Smart Controller Structure .
Charging
Current Rate

SO




Smart Charging Rules e-mobility

Charge the battery to user specifications, as long as there are no
restrictions from the grid or the battery SOH.

Monitor the grid condition (voltage and thermal limits) and adjust
the battery charging current (if needed), in proportion to the
deviation from the nominal (rated) limits.

Monitor the battery SOH and adjust the battery charging current
(if needed) in order to avoid negative impacts on the battery cycle
life.

The priority of each input can be set (weighted) depending on the
design requirements, where the battery is charged based on user
requirements and battery SOH unless it conflicts with other
factors.
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Smart Distribution Network

Power Flow

- — - Communication Signals

Active Voltage

e-mobility

OLTC: On Load Tap Changer

MV: Medium voltage

— Control Signals Active Tap Control HV: High Voltage
Measurements Controller CoTT T BMS: Battery Management System
|
- ' (<)
- -4
Transmission : - _?;LLoad
system 1 OLTC : changer
I
n, 66 kV | @ 11kV | I&DI 400V I'_
1
_L> Feeder : _|_> Feeder : Feeder Iﬂ—
T 1 : vV |
1 1 ! . A\ 4 \ 4 Low
V,I,P V|, P ! V, I, P Demand Side
: M,or,litor : Monito : Monito Management Smart o Voltage
L - ! T : ar : ] ro----- »| Meter Loads
1 : ! ! 1 r———+- 1 A A
I I ! ! o I I | .
| 1 : L ___ >, 1 v : |
v | Y ' _ _,| Aggregator | \ A
Transmission | Aggregator :_ (Y R Smart
System == (HV) - ' chargeV2G |« »| EY user
Operator — :_ o _»: controller requirements
|
| : y ¥ /3
Meteorological office ' _ _,| Aggregator - - - /Z BMS \
weather (renewable MV /T
generation) prediction (MV) 7~ Battery
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A Smart controller for Dynamic Energy

Management in the Built Environment

Grid

a

e-mobility

Control Signal =---

v Electrical —
Smart Meter < i Thermal —_ -

T
|

Smart Controller
1 |
{ : Renewable

DHW |« = | = Micro-CHP — Energy <«— Solar Radiation
Desired Temperature —p Tank : : - Sources — Wind Speed
| == =|WT/PV
- I
‘Wm(‘:l Spged ] | I «— User Requirements
Wind Dlrgct!on Space 4 : | Electrical |«— Grid Requirements
Solar Radla‘tlén —> Heatin < I - | Vehicle Battery State Of Charge (SOC)
Humidity —» g [ Mg ‘—[ Battery State Of Health (SOH)
External Temperature —p) 1
T “ -1 =~ Electrical
Desired Temperature - * Load
L. >
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Smart Charging to Meet User bil
Requirements JU €-mobillity

Charging period Miles remaining Target miles SOH (cycled

number)

Busbar 17 voltage (p.u.)

3.0-4.0 am 0 59.2 1
3.0-5.0 am 0 59.2 1
3.0-5.30 am 0 59.2 1
3.0-6.0 am 0 59.2 1
1.05 T T T T T T T T T 50 T
451 ; —3-4am |
—3-5am.
1.03- 40+ ; : —3--530am. |
—3--6am.
2 %r 4
1M gso— .
‘izsf 4
0.99F §’ 20(- ]
65 i
097 10 _
H 57 ]
09% 2 n 5 8 W0 iz 14 18 18 20 2 % i 2 3 ] 5 6 7
Time (hours) Time (hours)
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Smart Charging to Support Network . N
Voltage =JU e-mobility

1.1 T HL! T T T T T 35
i ===With 70 kW DG - —User defined curent
o E 30- E- i ==-user defined + nefwork support current |
1,06/ : 3 i :
31.047 i asr :' i j
] o 1
& 102- = 20- ; ; il
. —> o f : 1
g 0.96 E E
0.94 5+ i 4
092 12‘0 24’0 3é0 aéo 560_ 15(_) a:m aflsu 1(;30 1200 13|20 1440 3D 120 I24[) 360
Time (minutes) Time (minutes)
Daily voltage profiles at busbar 17 with and ‘1, Charging current variation based on
without 70 kW DG grid voltage support
1.1 ; —
I e Lo 2270 KW DG comected I
: ] ==-yser defined charging
1.08 : —user defined + network support charging
Rl =
Egm& —
Y 150 240 360
Time (minutes)
Daily voltage profiles at busbar 17 for different charging patterns
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Smart Charging to Reduce Battery . -
Aging =JU e-mobility

Charging period Miles remaining Target miles

SOH (cycled
number)

5.0-6.0 am 8 69 1
5.0-6.0 am 8 69 280
5.0-6.0 am 8 69 480
50 T ! T '
i 5 3 5 — 1 cycled
45— E : —_— 2;gi§cled |
BO | L e L ——480cycled | ... _
g a5 e R R I ................................. _
E ey S S T _
8 25 U0 AT ]
o :
5, 20 5 7
© :
6 AG | ................................ |
10_ ................................................................... ................................ —
S NSRS SO S SO S 0 B — |
o 25 5 5?5 6 6.i5 7
Time (hours)
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Experimental Work [ e-mobility

E Control unit
Simulink 1| dspACEboard

I
' I
' |
' |
I F 3 I
' |
' |
' |
' |

—— '

| Battery charging system

Host PC Interface board . : s 2
L ————————————————————— (— — - — “- -l Inlerface Board
. . ASPACE Board
Voltage measurement (V) Reference | (yurrent measarement B ccging Sysiem
Signal Controllable AC
Load
i-______________-"___l Battery
___________ |
N . Controllable |
Power source =] Line H T1230V/24V » Rectifier [+ current source | »| Battery
| I |
|
|
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Experimental Results U e-mobility

1.1

| | 5

| —Grid voltage
—Real charging current

---Reference charging current| V3 Sy

1.08

104 | FERRERERE [P ............................... .................... —|

102 . ] ...................... F"!-' ey ms

Voltage (p.u)
T
|
Current (A)

098] i ............................... ............................ RV R ................................ B b

KA7en :
VOS3E) el

094_ .............................. .......... L“__.
092_ .............................. ................................. ................................ .............................. ................................ ...................... —
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Summary e-mobility

EVs have high energy capacity and their mass deployment can have
significant impacts (negative and positive) on the grid.

Impacts of EVs on the grid and battery degradation need to be clearly
defined in order to develop rules for smart charging.

With appropriate smart controllers, EVs can provide ancillary services such
as supply/demand matching and voltage/frequency control.

Smart charging is needed in order to meet future demand of EV charging
and potential opportunities to use the EV to support the grid.

A smart EV charger can meet user requirements, support active network
control and reduce battery degradation. Additional control signals may be
used to enable maximizing charging from renewable energy and adjust for
weather conditions, driving behaviour, etc.

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

}
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