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Executive summary

My Electric Avenue has conducted additional analysis, on top of that origiteatiged for the
project to enable a more in Ahagdssmentdthenosise t o t h
appropriate integration of the Technology for differentapplicains and sui table cycl

The Technol ogy r ef eforwhich mustcdhsiderthe heleds ofthb @istasnert t i ng s
electric vehicle (EV), charging equipment and also the low voltage network. As such, detailed

analysis has been conducted to understand the potential impact that different charge cycle times

may have on @ltage variation, namely flicker.

Power quality measurements taken at a domestic property in 2014 indicated that a single charging
EV had little effect on background flicker levels.

Studies were conducted on the most heavily loaded feeder, and the fewittethe longest

distances between the participants and substation in the My Electric Avenue Technical trial (e.g.
Chiswick), to represent a ‘worst case scenario
‘worst case scenardd’'cyadlsen wheerl eu dEesdp rai tr'espe‘acdur t a
all vehicles are charging causing the phase current limit to be breached, and subsequently all

chargers to be switched off at once. The simulations usashatant total After Diversity Maximum

Demard with only the EV load varying over a 90 minute simulation time

For the switching profiles used, flicker severity has a greater sensitivity to thgedtap changes
associated witlbig infrequent load changesuch adive EVdeingswitched offin curtailment

mode, than for the small frequent load changescurring in reforming mode, whdiVs sequentially
reconnec one by one.

Takingthe Chiswiclcluster networkas an example ahe vulnerable end of the spectrum of UK

networks, a minimum cycléme of two minutes is recommendeahen five EVs are attached to a

phase. This gives a minimum cycle time between large step changes of greater than 10 minutes and,
for the simulatiors documented in this reporensures that the network remains within PR&its.

To prevent breaching the 3% voltage step change general limit, simultaneously switching more than
five 3.5kW active charger&@nd therefore by inference, two 7kW chargeas)nce is to be avoided
irrespective othe chosen control cycle time.
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1 Introduction

1.1 My Electric Avenue

My Electric Avenue &sn innovative project that will provide a solution to the potential impact that
the recharging of kectric vehicles (EVs) may have on the local electricity netWidr.project is
funded by Ofgem s Low Carbon Networks (LCN) Funo

The project is trialling a new solution, Esprit, which directly controls and manages EV charging on
Low Voltage (LV) feederBsprit is designed to provide an alternative approach to traditional
network reinforcement, which is anticipated due to increased EV uptake in coming years.

The project is required to provide an assessment ofrttwest appropriate integration of the
Techmlogy (Esprit)for different applications and suitable cycling timesreasons why this is not
possible if the trials are not successful.

To provide a full assessment of Esprit cycling times, it is prudent to not just consider the impacts on
the custome, charging point and EV, but also the potential impacts on the network. As such, this
report provides additional learning to that required by the SDRC, into the impacts of different cycle
times on voltage variation (i.e. flicker) to provide a more infodméew.

1.2 Flicker

Simultaneous switching of large loads on a network gives rise to a power quality issue called flicker.
Switching load can cause change in the voltages on an LV network, giving rise to a visual nuisance for
customers as lights (at least imzgescent lights) dim on the introduction of a load and then become
brighter on its removal. As the bulk of the voltage drop is on the mains, all customers on a

susceptible feeder can be affected.

Random EV charging on an LV feeder has been studied and flicker severity analysis results have
shown that high penetrations of EVs pose a low risk of breaching statutory flicker severity limits,
when charging randomly, when EV switching events only acfaw times per hou(Jensen &
Rasmussen, 201L1)Vith controlled EV charging, there is increased likelihood of simultaneous
connections or disconnections of multiple EV loads. Simultaneous EV switching is likely to lead to
incressed step changes of feeder root mean square (RMS) voltages, which will increase flicker
severity. Flicker levelsas a result of controlled EV switchjrage therefore aoncern for

Distribution Network Operata(DNG).

As part of the project, a clustef eight EVs was established in Chiswick, in the London Borough of
Hounslow. The Chiswick clusteheavily loadedwith the longestfeeder lengthof any Technical

trial cluster; the maximum distance from the substation to the furthest custom@&87en.This EV

cluster and supporting network was therefore selected for the flicker severity analysis due to higher
likelihood of flicker severity exceeding statutory limits than the other Technical trial clusters. Both
short and long term flicker severitieseaconsidered here.

2 Short term flicker severity

The measure ofhort termflicker severity, based on an observation peridd p min, is
designated) and is derived from the timat-level statistics obtained from the level classifier in
block 5 @ the flicker meter model shown iRigurel, as described iBritish Sandard (BSEN 61000
4-15:1998
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Figurel: The functional diagram ofEC flicker meter as described in BS EN 614003:1998
In BS EN 6100815:1998 the following formuléor the calculation of) is used:

0 ™o PO, T8IL QU TBTQ WYX T® P ™Y
where the percentile® ,0 ,0 ,0 and0 are the flicker lgels exceeded for 0; 1; 3; 10 and 50

% of the time during the observation period. The suffixn the formula indicates that the
smoothed value should be used; these are obtained using the following equations:

0 0 0 0 To

0 0 0 0 0 0 Ju
0 0, O 0 Yo

0 0, O Oy 7¥o

The 03 sscondmemory timeconstant in the flicker meter ensures that; cannot change abruptly
and no smoothing is reeled for this percentile.

3 Long term flicker severity

The 10 min period on which the shedrm flicker severity evaluation is based is suitable for
assessing the disturbances caused by individual EVs. In this study, the combined effect of several
disturbing loads, from EVs connecting and disconnecting seglignhave to be considered. It is
therefore necessary to consider the loteym assessment of the flicker severifyherefore, he

longterm flicker severityd , wasderived from the shorterm severity values) , over a90-minute
period, i.e.sufficient time for five EVs to switch off and then reconnect to the network. The following
formula is usedo calculate the long term flicker severity

B 0 :

5 h

V] —_—
0

Where0 f (i=1, 2,3, ...) are consecutive readings of the stesrh severityd from consecutive
10-minute intervals and N is the number of intervals

4 Long term flicker severity

The 10 min period on which the shadrm flicker severity evaluation is based is suitable for
assessing the disturbances caused by indali@iVs. In this study, the combined effect of several
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disturbing loads, from EVs connecting and disconnecting sequentially, have to be considered. It is
therefore necessary to consider the lotgym assessment of the flicker severifyherefore, he
longterm flicker severity) , wasderived from the shorterm severity values) , over a90-minute

period, i.e.sufficient time for 5 EVs to switch off and then reconnect to the network. The following
formula is usedo calculate the long term flickeseverity

B 0 :

5 h

0 —_—
0

Where0 j (i =1, 2, 3, ...) are consecutive readings of the stesrh severityd from consecutive
10-minute intervals and N is the number of intervals

5 Severity Limits

ENAEnNgineering Recommendation (ER3 B&ts severity limits for GB LV networks. LV networks are
designed to limit voltage steps to less than 3% for permitted loads.
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Figure2. Recommended limit§ENA ER P2&)r the size of step voltage changes with respect to the time between each
changefor a short term flicker severity of' -, 8

The recommended limit for the maximum size of % voltage chengeth respect to the minimum
time betweenvoltage changoccurrences’Y is given irFigure2. In the analysis of flicker
severity within the Chiswick network, the control cycle tirfi¢ )\ value was varied usinglues of

60s, 120s, 300s, 600s and 90@ss shown in the figure that f&"Y =60s, a limit ofw <1.4%
applies and foe"Y =900s a limit ofwy < 3% is applicable.

In order to comply with stage 2 in ER P28, the short term flickezritg 0 T®. There is no
requirement to check the existing background flicker severity at the point of common coupling.

6 Modelling Chiswick EV Cluster

The Low Voltage (LV) network supporting the Chiswick EV cluster is a 3 phase underground urban
network. It is fed from a 500 kVA transformer. The LV feeder with the EV cluster, pictured in Figure 3
feeds 134 customer s. T h e flaty) midteratedrand’ serAlataehied | n g s

c

C
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town houses. The feeder has been modelled as houses only, with total After Diversity Maximum
Demand (ADMD) shown irablel: Chiswick LV feeder load breakdawn

Tablel: Chiswick LV feeder load breakdown

Property Type Number ADMD (kVA) p.f. Total Load (kVA)
Houses 134 2 0.95 268

Four cable types make up the LV feeder. These have been modelled accorBigghg3 shows the
mode used for flicker assessment. Phase A has the highest EV penetiigherefore only EV loads
for phase A have been modelled.
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Figure3. Dig Silent modebf the Chiswick EV cluster. The variable EV load$*hase Are shown in red and areaken
from EV charging locations.
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Table2. Cable section types on the Chiswick EV cluster LV feeder.

Cable (Type, Size) Rating (kVA) wQ °@) Hin - QT
Wavecon 35mnt 82.45 0.868 0.076
Wavecon 95mn? 162.81 0.320 0.075
Wavecon 185mnf 306 0.164 0.074

A design voltage drop of 4% occurs along the feeder length, without the preseksés bietween
the substation and the final customer using the values showraliiel: Chiswick LV feeder load
breakdownand Table2.

7 EV Load Characteristics

The required EV load information on the battery chargihgracteristics was unavailablEherefore

in the absence of EV battery charging data, a power quality monitor was set up at a domestic
property in Mold, North WalesThis property had a Nissan LEAF sifmitathose used in the

Technical trialA Current Transformer (CT) was fixed adthe live wire of a twin and earth (T&E)
cable, with voltage measurementsatpd n socket next t o t heFighre me
4 shows the live to neutd RMS voltage and current in the T&E cable.

Throughout the charge, the RMS current varies inversely with gelta keep the load constant at

3.86 kVA, with a 0.98 power factor. Just before the charge, the voltage drops on the network by
approximately 6 ¥lts. This is likely to be due to the feeder being subjected to peak evening load as
residents return home from work. The voltage begins to recover during the charging period. At the
start of charging, no bnush current is observed from the maximum curteeadings.

11-03-2014
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Figured4. RMS Line to Neutral Voltag€urrent relationship for EV charging with constant load

! Thevehicle monitored was a Nissan LBMEL, rather than a NissarHARMK2, which was used for trial¥he charging
behaviour is however the same.

11
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Figure3 shows the same charges inFigure6. The EV load is almost constant. It can be seen that the
power gradually reduces at the tail end of the charging period, as the battery reaches &1#16%

of Charge (SoC). The flicker measurement from the installed monitoring this period, shows an
increase in Rfrom 0.04 to 0.28, well below the maximum limit recommende&R P28Since the
flicker levels in the morning reach similar values, the @wgimcrease is not likely due to one EV
charging, but more likely the evening peak load on the LV feeder.

Figure5 and Figure6 show another charging period in Mold, on th® @ March 2014, which lasted

for 48 minutes. From the sudden power drop at the trailing edge of the load curve, it appears that
the EV was dismnected before a 100%0Cnas reached. Despite the sudden changes in load, the
background flicker levels do not significantly change over the charging period. It is unclear whether
the peak B value during the charging period is primarily due to the EMazkground voltage

changes. From the Mold EV charging results, a constant power of 3.86 kVA at 0.98 power factor was
used to model the EV charging load in the Chiswick EV cluster model.
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Figure5. Day plot of the constant loadltarging of the NissanBEAFEV, with background flicker results from the PQube
power quality monitoring device 11th of March 2014.
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Figure6. 1 hour plot of the constant load of the NissareEAFEV, with background flicker resultsdm the PQube power
quality monitoring device on the 7th of March 2014.

From the operation of the Esprit Control LogECL?) EV charging profiles were deriv¢hat would
cause the highesti€ker severity values at each value of control cycle time. Tdrstwease occurs
when all EVs are charging, the phase current breaches the phase current thréého)daqd then
returns below the lower phase current threshol®( O ‘O ) within the control cycle time.
This scenario was modelled as aegapng cycle to produce a worst case EV switching scenario,
cycling over a simulation time of 90 minutes.

The total EV load profile is modelled as cyclic, and the total switching cycle time cohaists
arbitrary cycle intervallY (modelled at 60 sconds) fivecontrol cycle intervals (one for each
Intelligent Control BoXICB) and the curtailment interval forlethe ICBswhich was modelled at five
seconds. The switching cycle time is therefore given by:

Y vty Y v utY o¢@
Figure7 andFigure8 show the total EV load frorfive EVs being controlledytthe Esprit system,
with the control cycle time operating as a variable in this stldgure7 and Figure8 show the total
EV load profile with a onminute and 15 minute control cycle time respectively. It can be seen in
both figures that all EVs are switched off as thenior Controller (MC)enters curtailment mode

and then tke Esprit system allowene EV to reconnect following, every control cycle time interval,

until all EVs are reconnected to the network. The short duration drop to zero load is the curtailment
interval.

Pl ease see Section 5.1.3 SDRC 9.7.1: An Assessment

13
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Figure7. Total EV load frond EVs being controlled by the Esprit system

The profileabovesimulates the highest level of EV load swing in the shortest time for a 1 minute
control cycle time.
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Figure8. Total EV load from 5 EVs beingrtrolled by the Espritsystem

The profileabovesimulates the highest level of EV load swing in the shortest time for a 15 minute
control cycle time.

14
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8 Results

The Chiswick cluster was simulated using a constant Adtaf Diversity Maximum &mand

(ADMD, with only the EV loadarying over a 90 minute simulation time. Therefore, background

flicker values have been ignored, with only the EV contribution being assessed. The voltage profile at
each location on the network is therefore modelled as constant between switching eaxgstsown

in Figure9 andFigurelO.

——— 387m Voltage (V] ——— 122 m Voltage (V) = = = 387m 3% Voltage Change (V) = = =122m 3% Voltage Change (V)

?FJ%FJEFJ%PJ&%T&%J&“JLH

Q 300 600 200 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900 4200 4500 4800 5100 5400
Time (s)

RMS Line to Ground Votlage (V)

Figure9. Feeder RMS Line to Ground Voltagastwo locations on the LV feeder due to Esprit acting on all 5 EVs on
Phase A.

The orange and blue voltage profiles are for EV charging locations 122 m and 387 m from the
substation respectively. The control cycle time value for the simulation was set at 1 minute.

—— 387m Voltage (V) —— 122 m Voltage (V) — - — 387m 3% Voltage Change (V) — — — 122m 3% Voltage Change (V)

RMS Line to Ground Votlage (V)

I—|
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Figurel0. Feeder RMS Line to Ground Vaj@sat two locations on the LV feeder

Figure 10 shows theeéder RMS Line to Ground Voltages at two locations on the LV feeder due to
Esprit acting on aflve EVs on Phase A. The orange and blue voltage profiles are for EV charging
locations 122 m and 387 m from the substation respectively. The control cycle time value for the
simulation was set at 15 minutes.

15
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It is clearthat any step change in EV load fanttieom the substation has a greater effect on the
voltage profile than changes in EV loads nearer the substation. Both voltage profiles remain below
the 3% generalinfrequentmaximum voltage change limasapplied in ER P28

Regardless of the controycle time and resulting switching cgdime, each cycle consists of five
load change events, which have consistent voltage chafggesS able3). The voltage step emge
associated with all the ICBs being curtailed at once occurs once per switchinj¢ycleTherefore,
the time between each of the largest voltage step changes is thelswaycle time. For examplégr

a oneminute control cycle time the timbetween changes’Y = 365 seconds. For this case, the
permissible % voltage chantimit for a oneminute control cycle time, fronfrigure2, is ~2.5%.

In Table3 it is clear that the voltage step change, @ , at 387m from the substation for load change
one is at or over the permissible limit in ER P28 for % Voltage change on a 365 second cycle. Even
before performing the detailed flicker assessment, it can be seen that one minute represents the
minimum cycle time that could be considered for this network to keep within maximum voltage step
change limits.

For the voltage step changes associated withividual EVs sequentially reconnecting during the

Esprit reforming mode, the time between each change is the control cycle time. With a control cycle
time of one-minute the permissible voltage change limit is 1.4%. It can be séeabie3 that this

limit is not breachedor the w values assaated with EV load changess2

Table3. Voltage changes following EV switching at two EV chagduocations.

Event Voltage at 387m (V) Voltage at 122m (V) T, 387m T, at
122m
Initial Load 235.134 245.089 NA NA
Load Change 1 241.053 246.953 2.52% 0.76%
Load Change 2 239.99 246.702 -0.44% -0.10%
Load Change 3 237.937 246.028 -0.86% -0.27%
Load Change 4 236.724 245.726 -0.51% -0.12%
Load Change 5 235.423 245.422 -0.55% -0.12%

Recalling that the control cycle time values were varied using values of 60s, 120s, 300s, 600s and
900s.Table4 and Table5(Appendix A) show the flicker results for the modelled outlier values of
control cycle tine, i.e. oneminute and 15minutes respectively. Results using the intermediate
control cycle time values of 120s, 300s and 600s are shoWakle6, Table7and Table

8respectively.

Summarising the flicker severity results, fthe switching profiles used, flicker severity has a

greater sensitivity to the voltage step changes associated with the big infrequent load changes, as
all five EVs are switched off, than for the small frequent load changes due to EVs sequentially
reconrecting.

® Infrequent in this context means voltages changes happening less frequently than every 600s (10 minutes)
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Taking Chiswick to be at the vulnerable end of the spectrum of UK networks, and therefore
suitable to draw conclusions on the minimum cydiene; a minimum cycle time of two minutes is
recommended for fivevehicles per phase. This gives a minimaycle time between large step
changes of greater than 10 minutes, therefore avoiding nuisance from flicker and complying, in
this instance, with P28.

To prevent breaching the 3% voltage step change general limit, simultaneously switching more
than five 35kW active clargers at once is to be avoidedp matter what the chosen control cycle
time is

17
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Appendix A. Flicker Analysis Results

Table4:1IEC 61000 4 15 simulated flicker meter results at two EV charging locations over a 90 minutiatsim for a PDC
of 1-minute and a switching cycle time of 365 seconds.

Simulation Time

Range (s)
5- 605 0.0446 0.1464
6051205 0.0441 0.1453
12051805 0.0397 0.1306
18052405 0.0446 0.1465
24053005 0.0441 0.1454 0.0431 0.1415
30053605 0.0397 0.1304
36054205 0.0446 0.1465
42054805 0.0430 0.1418
48055405 0.0424 0.1383

Table5. IEC 61000 4 15 simulated flicker meter results at two EV charging locations overmen@@e simulation for a
PDC of 18ninutes switching cycle time of 4565 seconds.

Simulation Time

Range (s)
5- 605 0.0377 0.1225
6051205 0.0151 0.0428
12051805 0.0093 0.0093
18052405 0.0093 0.0256
24053005 0.0093 0.0275 0.0235 0.0759
30053605 0.0093 0.0093
36054205 0.0093 0.0093
42054805 0.038 0.1256
48055405 0.0093 0.0093
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Table6: IEC 61000 4 15 simulated flicker meter results at two EV charging locateas a 90 minute simulation for a
control cycle time of 2minutes and a total switching cycle time of 665 seconds.

Simulation Time

Range (s)
5- 605 0.0387 0.1278
6051205 0.0385 0.1278
12051805 0.0387 0.1278
18052405 0.0386 0.1270
24053005 0.0387 0.1280 0.0387 0.1277
30053605 0.0386 0.1272
36054205 0.0388 0.1281
42054805 0.0385 0.1271
48055405 0.0388 0.1283

Table7:1IEC 61000 4 15 simulated flicker metesults at two EV charging locations over a 90 minute simulation for a
control cycle time of Bminutes and a total switching cycle time of 1565 seconds.

Simulation Time

Range (s)
5-605 0.0382 0.1244
6051205 0.0096 0.0298
12051805 0.0382 0.1256
18052405 0.0154 0.0438
24053005 0.0096 0.0278 0.0296 0.0967
30053605 0.0382 0.1250
36054205 0.0096 0.0297
42054805 0.0383 0.1266
48055405 0.0154 0.0436
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Table8:IEC61000 4 15 simulated flicker meter results at two EV charging locations over a 90 minute simulation for a
control cycle time of 1@minutes and a total switching cycle time of 3065 seconds.

Simulation Time

Range (s)
5- 605 0.0377 0.1225
6051205 0.0152 0.0432
12051805 0.0093 0.0256
18052405 0.0093 0.0276
24053005 0.0093 0.0093 0.0236 0.0759
30053605 0.0378 0.1230
36054205 0.0152 0.0431
42054805 0.0093 0.0256
48055405 0.0093 0.0276

20



