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Executive summary 

My Electric Avenue has conducted additional analysis, on top of that originally planned for the 
project to enable a more in depth response to the SDRC 9.7 report, ‘An assessment of the most 
appropriate integration of the Technology for different applications and suitable cycling times’. 

The Technology refers to ‘Esprit’, the settings for which must consider the needs of the customer, 
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 voltage 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 feeder with the longest 
distances between the participants and substation in the My Electric Avenue Technical trial (e.g. 
Chiswick), to represent a ‘worst case scenario’. In addition to the choice in network model, the 
‘worst case scenario’ also included a repeated cycle where Esprit’s ‘curtailment’ mode is activated: 
all vehicles are charging causing the phase current limit to be breached, and subsequently all 
chargers to be switched off at once. The simulations used a constant total After Diversity Maximum 
Demand with only the EV load varying over a 90 minute simulation time. 

For the switching profiles used, flicker severity has a greater sensitivity to the voltage step changes 
associated with big infrequent load changes, such as five EVs being switched off in curtailment 
mode, than for the small frequent load changes occurring in reforming mode, when EVs sequentially 
reconnect one by one. 
 
Taking the Chiswick cluster network as an example at the vulnerable end of the spectrum of UK 
networks, a minimum cycle time of two minutes is recommended when 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 simulations documented in this report, ensures that the network remains within P28 limits. 
To prevent breaching the 3% voltage step change general limit, simultaneously switching more than 
five 3.5 kW active chargers (and therefore by inference, two 7kW chargers) at once is to be avoided, 
irrespective of the chosen control cycle time. 
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1 Introduction 

1.1 My Electric Avenue 

My Electric Avenue is an innovative project that will provide a solution to the potential impact that 
the recharging of electric vehicles (EVs) may have on the local electricity network. The project is 
funded by Ofgem’s Low Carbon Networks (LCN) Fund.  

The project is trialling a new solution, Esprit, which directly controls and manages EV charging on 
Low Voltage (LV) feeders. Esprit 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 of the most appropriate integration of the 
Technology (Esprit) for different applications and suitable cycling times, or reasons 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 customer, 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 informed view. 

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 incandescent 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 occur a few times per hour (Jensen & 
Rasmussen, 2011). With controlled EV charging, there is increased likelihood of simultaneous 
connections or disconnections of multiple EV loads. Simultaneous EV switching is likely to lead to 
increased step changes of feeder root mean square (RMS) voltages, which will increase flicker 
severity.  Flicker levels, as a result of controlled EV switching, are therefore a concern for 
Distribution Network Operators (DNOs).  

As part of the project, a cluster of eight EVs was established in Chiswick, in the London Borough of 
Hounslow. The Chiswick cluster is heavily loaded, with the longest feeder lengths of any Technical 
trial cluster; the maximum distance from the substation to the furthest customer is 387m. 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 severities are considered here.  

2 Short term flicker severity 

The measure of short term flicker severity, based on an observation period Ὕ  ρπ min, is 
designated ὖ  and is derived from the time-at-level statistics obtained from the level classifier in 
block 5 of the flicker meter model shown in Figure 1, as described in British Standard (BS) EN 61000-
4-15:1998.  
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Figure 1: The functional diagram of IEC flicker meter as described in BS EN 61000-4-15:1998 

In BS EN 61000-4-15:1998 the following formula for the calculation of ὖ  is used: 

ὖ  πȢπσρτ ὖȟ  πȢπυςυ ὖ   πȢπφυχ ὖ   πȢςψ ὖ   πȢπψ ὖ  , 

where the percentiles ὖȟ, ὖ, ὖ, ὖ  and ὖ  are the flicker levels exceeded for 0.1; 1; 3; 10 and 50 

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

ὖ   ὖ   ὖ   ὖ Ⱦσ 

ὖ   ὖ  ὖ  ὖ   ὖ   ὖ Ⱦυ 

ὖ   ὖȟ  ὖ  ὖ Ⱦσ 

ὖ   ὖȟ  ὖ  ὖȟȾσ 

The 0.3 second memory time-constant in the flicker meter ensures that ὖȟ cannot change abruptly 

and no smoothing is needed for this percentile. 

3 Long term flicker severity 

The 10 min period on which the short-term 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 sequentially, have to be considered. It is 
therefore necessary to consider the long-term assessment of the flicker severity. Therefore, the 
long-term flicker severity ὖ , was derived from the short-term severity values, ὖ , over a 90-minute 
period, i.e. sufficient time for five EVs to switch off and then reconnect to the network. The following 
formula is used to calculate the long term flicker severity: 

ὖ
В ὖȟ

ὔ
 

Where ὖȟ (i = 1, 2, 3, ...) are consecutive readings of the short-term severity ὖ  from consecutive 
10-minute intervals and N is the number of intervals. 

4 Long term flicker severity 

The 10 min period on which the short-term flicker severity evaluation is based is suitable for 
assessing the disturbances caused by individual EVs. 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 long-term assessment of the flicker severity. Therefore, the 
long-term flicker severity ὖ , was derived from the short-term severity values, ὖ , over a 90-minute 
period, i.e. sufficient time for 5 EVs to switch off and then reconnect to the network. The following 
formula is used to calculate the long term flicker severity: 

ὖ
В ὖȟ

ὔ
 

Where ὖȟ (i = 1, 2, 3, ...) are consecutive readings of the short-term severity ὖ  from consecutive 
10-minute intervals and N is the number of intervals. 

5 Severity Limits 

ENA Engineering Recommendation (ER) P28 sets severity limits for GB LV networks.  LV networks are 
designed to limit voltage steps to less than 3% for permitted loads.   

 

Figure 2. Recommended limits (ENA ER P28) for the size of step voltage changes with respect to the time between each 
change for a short term flicker severity of  ἜἻἼ Ȣ 

The recommended limit for the maximum size of % voltage change ὠ with respect to the minimum 
time between voltage change occurrences ɝὝ  is given in Figure 2. In the analysis of flicker 
severity within the Chiswick network, the control cycle time (Ὕ ) value was varied using values of 
60s, 120s, 300s, 600s and 900s.  It is shown in the figure that for ɝὝ  = 60 s, a limit of ὠ <1.4 % 
applies and for ɝὝ  = 900s a limit of ὠ < 3% is applicable. 

In order to comply with stage 2 in ER P28, the short term flicker severity ὖ  πȢυ. 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 customers. The customers’ dwellings comprise of flats, mid-terraced and semi-detached 



86002_8_R_Flicker Analysis SDRC 9.7 Issue 4.docx  My Electric Avenue (I²EV) – SSET205 

 9 

town houses. The feeder has been modelled as houses only, with total After Diversity Maximum 
Demand (ADMD) shown in Table 1: Chiswick LV feeder load breakdown. 

 

Table 1: 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 accordingly.  Figure 3 shows the 
model used for flicker assessment. Phase A has the highest EV penetration. Therefore only EV loads 
for phase A have been modelled.  
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Figure 3. Dig Silent model of the Chiswick EV cluster. The variable EV loads on Phase A are shown in red and are taken 
from EV charging locations.  
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Table 2. Cable section types on the Chiswick EV cluster LV feeder. 

Cable (Type, Size) Rating (kVA) wΩ όнл°C) ἳἵ     ·Ω ἳἵ  

Wavecon - 35mm2 82.45 0.868 0.076 

Wavecon - 95mm2 162.81 0.320 0.075 

Wavecon - 185mm2 306 0.164 0.074 

A design voltage drop of 4% occurs along the feeder length, without the presence of EVs, between 
the substation and the final customer using the values shown in Table 1: Chiswick LV feeder load 
breakdown and Table 2.   

7 EV Load Characteristics 

The required EV load information on the battery charging characteristics was unavailable. Therefore 
in the absence of EV battery charging data, a power quality monitor was set up at a domestic 
property in Mold, North Wales. This property had a Nissan LEAF similar1 to those used in the 
Technical trial. A Current Transformer (CT) was fixed around the live wire of a twin and earth (T&E) 
cable, with voltage measurements at a 3-pin socket next to the home owner’s consumer unit.  Figure 
4 shows the live to neutral RMS voltage and current in the T&E cable. 

Throughout the charge, the RMS current varies inversely with voltage to 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 Volts. 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 in-rush current is observed from the maximum current readings.  

 

Figure 4. RMS Line to Neutral Voltage-Current relationship for EV charging with constant load. 

                                                           

 

1
 The vehicle monitored was a Nissan LEAF Mk1, rather than a Nissan LEAF Mk2, which was used for trials. The charging 

behaviour is however the same. 
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Figure 3 shows the same charge as in Figure 6. 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 a 100% State 
of Charge (SoC). The flicker measurement from the installed monitoring this period, shows an 
increase in Pst from 0.04 to 0.28, well below the maximum limit recommended in ER P28. Since the 
flicker levels in the morning reach similar values, the evening increase is not likely due to one EV 
charging, but more likely the evening peak load on the LV feeder.  

Figure 5 and Figure 6 show another charging period in Mold, on the 7th of 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 disconnected before a 100% SoC was 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 Pst value during the charging period is primarily due to the EV or background 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. 

 

Figure 5. Day plot of the constant load charging of the Nissan LEAF EV, with background flicker results from the PQube 
power quality monitoring device 11th of March 2014. 
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Figure 6. 1 hour plot of the constant load of the Nissan LEAF EV, with background flicker results from the PQube power 
quality monitoring device on the 7th of March 2014. 

From the operation of the Esprit Control Logic (ECL)2, EV charging profiles were derived that would 
cause the highest flicker severity values at each value of control cycle time. The worst case occurs 
when all EVs are charging, the phase current breaches the phase current threshold (Ὅ ) and then 

returns below the lower phase current threshold (Ὅ Ὅ Ὅ ) within the control cycle time. 

This scenario was modelled as a repeating 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 consists of an 
arbitrary cycle interval, Ὕ  (modelled at 60 seconds), five control cycle intervals (one for each 
Intelligent Control Box (ICB)) and the curtailment interval for all the ICBs, which was modelled at five 
seconds. The switching cycle time is therefore given by: 

Ὕ  υẗὝ Ὕ  υ  υẗὝ φυȢ 

Figure 7 and Figure 8 show the total EV load from five EVs being controlled by the Esprit system, 
with the control cycle time operating as a variable in this study. Figure 7 and Figure 8 show the total 
EV load profile with a one minute and 15 minute control cycle time respectively. It can be seen in 
both figures that all EVs are switched off as the Monitor Controller (MC) enters curtailment mode 
and then the Esprit system allows one 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. 

                                                           

 

2
 Please see Section 5.1.3 SDRC 9.7.1: An Assessment of ‘Esprit’ Integration 
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Figure 7. Total EV load from 5 EVs being controlled by the Esprit system 

The profile above simulates the highest level of EV load swing in the shortest time for a 1 minute 
control cycle time. 

 

Figure 8. Total EV load from 5 EVs being controlled by the Esprit system 

The profile above simulates the highest level of EV load swing in the shortest time for a 15 minute 
control cycle time. 
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8 Results 

The Chiswick cluster was simulated using a constant total After Diversity Maximum Demand 
(ADMD), with only the EV load varying 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 events as shown 
in Figure 9 and Figure 10.  

 

Figure 9. Feeder RMS Line to Ground Voltages at two 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.  

 

Figure 10. Feeder RMS Line to Ground Voltages at two locations on the LV feeder 

Figure 10 shows the feeder RMS Line to Ground Voltages at two locations on the LV feeder due to 
Esprit acting on all five 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.  
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It is clear that any step change in EV load farther from 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% general, infrequent maximum voltage change limit as applied in ER P283.  

Regardless of the control cycle time and resulting switching cycle time, each cycle consists of five 
load change events, which have consistent voltage changes (see Table 3). The voltage step change 
associated with all the ICBs being curtailed at once occurs once per switching cycle (Ὕ  . Therefore, 
the time between each of the largest voltage step changes is the switch cycle time. For example, for 
a one-minute control cycle time the time between changes ɝὝ  = 365 seconds. For this case, the 
permissible % voltage change limit for a one-minute control cycle time, from Figure 2, is ~2.5%. 

In Table 3 it is clear that the voltage step change, ὠ , 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 with individual 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 seen in Table 3 that this 
limit is not breached for the  ὠ values associated with EV load changes 2-5. 

Table 3. Voltage changes following EV switching at two EV charging locations. 

 Event Voltage at 387m (V) Voltage at 122m (V)  ╥╓ 387m ╥╓ 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. Table 4 and Table 5(Appendix A) show the flicker results for the modelled outlier values of 
control cycle time, i.e. one-minute and 15-minutes respectively. Results using the intermediate 
control cycle time values of 120s, 300s and 600s are shown in Table 6, Table 7and Table 
8respectively.  
 
Summarising the flicker severity results, for the 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 
reconnecting. 

                                                           

 

3
 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 cycle time; a minimum cycle time of two minutes is 
recommended for five vehicles per phase.  This gives a minimum cycle 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 3.5kW active chargers at once is to be avoided, no matter what the chosen control cycle 
time is.    
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Appendix A.  Flicker Analysis Results  

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

Simulation Time 
Range (s) 

╟▼◄ ╟■◄ 

122 m 387m 122m 387m 

5 - 605 0.0446 0.1464 

0.0431 0.1415 

605-1205 0.0441 0.1453 

1205-1805 0.0397 0.1306 

1805-2405 0.0446 0.1465 

2405-3005 0.0441 0.1454 

3005-3605 0.0397 0.1304 

3605-4205 0.0446 0.1465 

4205-4805 0.0430 0.1418 

4805-5405 0.0424 0.1383 

Table 5. IEC 61000 4 15 simulated flicker meter results at two EV charging locations over a 90 minute simulation for a 
PDC of 15-minutes switching cycle time of 4565 seconds. 

Simulation Time 
Range (s) 

╟▼◄ ╟■◄ 

122 m 387m 122m 387m 

5 - 605 0.0377 0.1225 

0.0235 0.0759 

605-1205 0.0151 0.0428 

1205-1805 0.0093 0.0093 

1805-2405 0.0093 0.0256 

2405-3005 0.0093 0.0275 

3005-3605 0.0093 0.0093 

3605-4205 0.0093 0.0093 

4205-4805 0.038 0.1256 

4805-5405 0.0093 0.0093 
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Table 6: IEC 61000 4 15 simulated flicker meter results at two EV charging locations over a 90 minute simulation for a 
control cycle time of 2-minutes and a total switching cycle time of 665 seconds. 

Simulation Time 
Range (s) 

╟▼◄ ╟■◄ 

122 m 387m 122m 387m 

5 - 605 0.0387 0.1278 

0.0387 0.1277 

605-1205 0.0385 0.1278 

1205-1805 0.0387 0.1278 

1805-2405 0.0386 0.1270 

2405-3005 0.0387 0.1280 

3005-3605 0.0386 0.1272 

3605-4205 0.0388 0.1281 

4205-4805 0.0385 0.1271 

4805-5405 0.0388 0.1283 

 

Table 7:IEC 61000 4 15 simulated flicker meter results at two EV charging locations over a 90 minute simulation for a 
control cycle time of 5-minutes and a total switching cycle time of 1565 seconds. 

Simulation Time 
Range (s) 

╟▼◄ ╟■◄ 

122 m 387m 122m 387m 

5 - 605 0.0382 0.1244 

0.0296 0.0967 

605-1205 0.0096 0.0298 

1205-1805 0.0382 0.1256 

1805-2405 0.0154 0.0438 

2405-3005 0.0096 0.0278 

3005-3605 0.0382 0.1250 

3605-4205 0.0096 0.0297 

4205-4805 0.0383 0.1266 

4805-5405 0.0154 0.0436 
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Table 8:IEC 61000 4 15 simulated flicker meter results at two EV charging locations over a 90 minute simulation for a 
control cycle time of 10-minutes and a total switching cycle time of 3065 seconds. 

Simulation Time 
Range (s) 

╟▼◄ ╟■◄ 

122 m 387m 122m 387m 

5 - 605 0.0377 0.1225 

0.0236 0.0759 

605-1205 0.0152 0.0432 

1205-1805 0.0093 0.0256 

1805-2405 0.0093 0.0276 

2405-3005 0.0093 0.0093 

3005-3605 0.0378 0.1230 

3605-4205 0.0152 0.0431 

4205-4805 0.0093 0.0256 

4805-5405 0.0093 0.0276 

 


