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Abstract—Increasing domestic demand for electric energy is  In order to cater for future power demand, yet delay costly
expected to put signi cant strain on the existing power distri- network reinforcements, recent research has proposed solu-
bution networks. In order to delay or prevent costly network tions to mitigate high-level power ow issues [8]. To minimise

reinforcement, some UK Distribution Network Operators (DNOs) the i t of trolled EV charai fi id
are investigating the use of Battery Energy Storage Solutions € impact ot uncontrolle charging, congestion avoidance

(BESS), or other demand response systems, in the Low-Voltage @/gorithms have been proposed using, e.g. smoothed particle
(LV) power distribution networks to reduce peak demand. In hydrodynamics [9], online fuzzy coordination strategies [10]
most cases the control strategigs, and metrics of success, argyr even Nash based game theory [11]. Instead of managing
evaluated on a half-hourly basis and so sub-hal-hourly (i.e. controllaple loads, DERs management algorithms have also
minute by minute) variations in demand are not effectively . : oo
addressed. been proposed. For instance, a robust dispatch optimisation
In this work, a closed-loop optimisation methodology is pro- for a hybrid power network that consists of wind, PV, hydro,
posed that adjusts the pre-scheduled charging pro le of a BESS in and thermal power systems has been developed by €teaig
a sub-half-hourly manner in order to improve network operation  [12]. Rather than just focusing on power ow, other studies

whilst maintain the same average net energy ow over the ; ieq i ;
half-hour period. This new approach guarantees that the BESS g;(;acséﬁlgtir[elds]voltage droop and neutral voltage rise in their

follows its predetermined half-hourly schedule, yet voltage and ) ' L . .
power imbalance, network losses, and feeder overloading are High-level studies optimise power ow and device operation
additionally mitigated through sub-half-hourly control actions. using half-hourly time slots, as this is the standard trading pe-

FOfl \éaéiggti.oni t||h|3 PaEF;er Efe?lents a tcafsihsmdy Saﬁed \;3_”_ the riod in the energy exchange. On the other hand, high frequency
rea Installed In bracknell as part o ames Vvalle Ision ; R fmiai
project with Scottish and Southerannergy Power Distr)i/bution ?m: suppgrt t.o up;hold power qualltty bydmsxllmls_lng thhe powehr
(SSE-PD) evaluated on the IEEE LV test case feeder model. ~ '&ClOl, reducing harmonic currents and balancing phases has
also been proposed. Singi.al. proposed an improved linear
|. INTRODUCTION sinusoidal tracer to allow better current injection for harmonic

The ever growing demand for electric energy will placeompensation [14]. LV power can also be upheld by improving
additional strain on the current UK power delivery systenthe power factor, and this was done without exciting harmonic
This increase in demand is based on the UK's sociopoliticedsonance [15].
ambition to reduce emissions, resulting in general electri ca- Managing power ow and power quality on a half-hourly
tion of consumer devices, an increased number of renewapkriod or at very high frequencies does not, however, cater
energy installations as well as an uptake of electric vehiclder power ow issues on a minute to minute basis. Sub-
Predictions estimate that by 2030 annual consumer demdradf-hourly power spikes are averaged in the half-hourly
will have increased by more than 20TWh [1]. Additionallypower demand pro les, yet are the most impacting events for
penetration of Distributed Energy Resources (DER) will resuRistribution Network Operators (DNOs), since these spikes
in higher energy variability, which in turn leads to higheare signi cantly higher than the average power ow. Recently,
power demand peaks. In fact, the same projection estimagttish and Southern Energy - Power Distribution (SSE-
a maximum power ow exceeding 66GW by 2030. PD) has deployed several Energy Storage Management Units

UK power distribution networks, particularly the Low-(ESMU) in south England to investigate the impact of Battery
\oltage (LV) feeders, are under strict regulations to guarantEeergy Storage Solutions (BESS) on these sub-half-hourly
voltage security and power quality. Violation of these regyower events [16]. Since DNOs need to schedule their device
lations is penalised by the regulatory body, i.e. ofgem in thaperation, an effective strategy to control the ESMUs has to
UK [2], [3]. From a technical aspect, overstressed LV feedebe developed.
experience higher transmission losses in the best case. Issuds this work a sub-half-hourly closed-loop optimisation
such as tripping reclosers or switching feeder branches to lessthodology is presented that controls BESS operation in such
loaded substations may cause temporary power outages, dwvay that the average half-hourly schedules are followed,
does not impact the network infrastructure [4], [5]. Continuouget minute-by-minute demand variability is additionally ad-
line or transformer overloads does lead to equipment fatigwressed. For this paper, the half-hourly schedule is assumed
degradation and eventually failure [6], [7]. to have been previously determined and is provided as an



TABLE [: Cost Function Parameters A. Cost Functions

Stoss (1) g‘et""?tr)kf 'f"gpa“??)t pO‘;"er '?SsgsR"T"here In total, ten cost functions { wheren = 1;::;10) were
loss JQloss = Soss 0 :
S Current in all lines where de ned. The rst three costs _funct_lons {to 3) are _b_ased_
ine;l;p liine; 1:1(1): 555 nest; 3(D] = fine () 2 RT L 3 on complete system information, i.e. full observqb!llty with
Vieagi (1)  Sindle phase voliages at all customers where Soss (1), Tine (), andVieaq (t), and the seven remaining cost
' R’gsg} érgi)‘?);\x;’r'o‘aglcté:)r]nza‘;tv?gd(t;tzs uistation ———functions (4 to 10) are based on realistic network measure-
Sss;p (1) [5ss:1(1): Sss: 2(1): Ses: 3(1)] = Ses (1) 2 CT 3 ments, i.e. partial observ_abmty Wlﬂgs(t)., iss(t), and\./bess(t)..
fsen (D Complex current vector measured at substation where 1) Network losses:Without expensive measuring equip-
SS; . . . _ . . . . .
P E;s;l(tsts: zt(t)l,lssl;ta(t)] = ltss (mact d3 ¢ BESS wh ment it is impossible to accurately estimate network losses,
Vbess;p (1) ase-fo-neulral voltage veclor measured & W ereyet the minimisation of them can result in better network

[Vpess; 1(1); Vbess; 2(1); Vbess; 3(1)] = Vpess () 2 RT 3

operation. From simulations in OpenDSS, apparent power
losses are recorded in a vectks (t). The complete network

input. There are a range of methods presented in the Iiteratmﬁses over the entire day can be computed 8 2 Soss -

to create such half-hourly schedules that generate schedules X
based on historical data and peak reduction algorithms [17]. 1(Soss ) = jSioss ()] 1)
This half-hourly schedule is then a constraint within the t=1
closed-loop optimisation methodology. 2) Customer voltage deviationin the UK, network volt-

The closed-loop optimisation methodology updates thgjes are bound to an operational ban®@4®V + 10% 6%.
minute-by-minute power output values for the BESS basegblation of these regulatory bands is penalised and ned. A
on historical power values and a model of the feeder. In ordesnvex cost that minimises at the network's nominal operating
to determine the next power value for the BESS, the modglitage, V,, is de ned below. The same function maximises
of the feeder is repetitively simulated within the optimisatioas voltage level deviates towards the lower voltage threshold,
procedure to determine the power value for the BESS th@t or higher voltage threshold/,. The cost is based on all
best improves the operation of the feeder in terms of qustomers' (or loads') voltagesoaq (t). This voltage vector
speci ¢ set of metrics such as bus voltages, power ow, phag@ntains the voltage pro le for load = f1;::;1g at time
imbalance and losses. A range of different cost functiongiot t, whereviag; (t) 2 Viead (t). For any time slot this cost,
based on these metrics, are evaluated and compared in thisidenti es the worst voltage deviation recorded throughout
paper. The consideration of sub-half-hourly demand variationge entire network. It is de ned as follows (hewgag; (t) is
whilst maintaining the expect half-hourly operation, in ordeshortened tos;, andvpess(t) is shortened tav):
to improve network performance is a novel contribution to the

8
eld. 2 "(vi) fVa Vi V& M(v)< ™

2(v) = max '(vi) ifVi vi<Va & "(vi)< ™ (2
Il. METHODOLOGY 7 max otherwise

In order to improve the LV network's operation on a Here, ™ js introduced to limit the maximum cost and
sub-half-hourly period, the prescheduled power prole of prevent any runaway behaviour. Furthermore, voltage devi-
grid-connected BESS is dynamically adjusted. Here, netwogkion towards voltages higher than nominal voltayg, is
operation is indicated by several simulation outputs, theaptured in the sub-cost (v), and the cost for voltage levels
become cost function parameters, which are then fed into thgilling below V, is captured by '(v).
corresponding cost functions. Minimising these cost functions

1
results in improved network operation. The simulation deter- oy v oV, ?
; . ) S (v) = 1 (3)
mines the network states at a given instant in time. In some Vh WV
cases the cost function parameter is an array of values for v, v 2 1
the whole feeder; e.guvipag;i (t) contains the voltages at all '(v) = V“ v 1 4)
n |

customer nodes on the feeder.

All of the used cost function parameters are tabulated3) Feeder utilisation: Preventing excessive feeder utilisa-
in Table | and are split into two groups. The rst grouption to minimise the quadratic line losses and also avoid
captures the entire network's performance and are obtaingguipment damage is the aim of minimising the castHere,
from simulations, and the second group represents realistie vector of all line currentsyne (t), is used. From this, the
measurements that may be obtained during deployment. hesiximum cost is found for a speci Cine:p (1) 2 fiine (1)
example, for the BESS installed in the Thames Valley Visiofor any given moment in timet. The cost function itself is
project there is access to substation monitoring of power agd ned as follows:
current per phase, and phase-to-neutral voltages and BESS en- I
ergy consumption at the BESS. Detail on these cost functions iinesp (1) °

. . - 5
and how they are used is explained next. I rated;| ®)

3(iine (1)) = max
p=1



Here, the ratio between the phase currdmts;,, where

R . i Closed-Loop Optimisation
p = f1;2;3g and the line's phase ratifiguing; is squared to Sbess (t)
simulate the quadratic relationship between line current and imuation
thermal losses.

6Sbess (t)

4) Voltage deviation at BESSSimilar to Equation 2, the [CostFunction ]—'[ Optimiser}
voltage deviation measured at the BESS is used here. This is
the rst cost based on partial observability (hefgss(t) is
shortened tos,, andvpess(t) is shortened tw):

Fig. 1: BESS Power Optimisation

8

2 "(vp) ifVa v Vh & "(vp)< ™ 9) Power factor at substation:The amount of “useful”
a(v)=max '(Vp) iV vp<Vn & ()< ™ (6) power transmitted over the network is captured by the power

- ™ otherwise factor (PF). Maximising this value al implies that no

5) Voltage imbalance at BESDifferent phase loadings reactive power is consumed. Slnce_ reactive power can easily
. . . be compensated for by the BESS without impacting its battery
cause asymmetric currents which lead to imbalanced networ . .
. . schedule, the cost is de ned as the difference between the
voltages. Since imbalanced three phase systems operate Suaiimum and actual PEs per phase
optimally in comparison to balanced networks, a cost thal perp '

captures this imbalance is de ned as follows: @
- - sea)=s e l) (11)
5 (Vbess (1)) := max JVbess (1) Vpess (1)] @ - sp
P Vbess (t)

Here, PF for each phase is calculated as the fraction of the

Here,vpess denotes the mean phase voltage, computed foRases active power and the magnitude of the apparent power.
the phase to neutral voltage vectafess. The cost itself is aggregating all phase's PFs would result in a maximum value
de ned as the maximum voltage divergence from the meag; 3, therefore any difference from this value is de ned as the
divided by the mean. cost.

6) Active power imbalance at substatioRrom substation  10) Feeder loading at substatiorfransformers in substa-
monitoring, the apparent power vectgg(t) can be monitored. tions are rated suf ciently high to cater for the power demand
This vector contains three complex powers, where each rgglan individual feeder. Yet the feeding cables on the other
component represents the phase's active load and the imagind might reach capacity limitations much sooner. Therefore,

nary component represents the phase's reactive load. the nal cost is de ned as the sum of all phase capacities.
— jRe(sss (1)) Re(sss ()] e 2
s(t)) = 8 . ss;

_ irated
Balancing the apparent power itself might lead to unwanted -

phase angle distortion, since excess reactive power might bélere, the ratio between the phase currégig wherep =

injected. Therefore only the real component, i.e. active powéd, 2, 3g and its substation's phase ratiiyging is squared to

is included in the imbalance calculation for this cost. simulate the quadratic relationship between line current and
7) Reactive power at substatioT:he reactive power com- thermal losses.

ponent is de ned as another cost, since its minimisation o ) )

would free line capacity without impacting the BESS's statB- OPtimisation and Simulation

of charge. The underlying procedure that performs the closed-loop
5 optimisation is captured in Figure 1. Here, for each time slot,

2(ss (D)= jIm(Sssp (1))] (9) 1 a pre-scheduled BESS power valisgess(t), is extracted

D and adjusted by an offset vectogess(t). This offset vector

is found through an optimiser that minimises a selected cost

8) Neutral current at substationi-eeder lines in the UK are . - . . . o
often asvmmetric in shape. Commonly. the three phase Cofléncnon by repetitively running simulations of the distribution
y pe- Y. P t&8der. To avoid impacting the schedule of the BESS, a

are signi cantly larger in cross _sectlon than the neu;ral !m%onstramt is de ned so that the internal battery's dis/charging
Therefore, any neutral current is expected to result in higher : )

; : ower remains the same:
network losses. Hence, the following cost is de ned as tHe

magnitude of this neutral current: 3
33 0= Re( s bess:p(t)) 8t (13)
g(iss (1)) == issp (1) (10) p

p=t Additionally, two more constraints are de ned to limit the

The neutral current is calculated by summing the compl8ESS's maximum power ow. This restriction is due to the
phase currents,(t) wherep = f1,2; 3g. power electronic's and battery rating's limitations.



Spe ] Sbess;p (t)j Wherep = f l; 2; 398t (14) __10f [ Normal ¢1 —----- Normal 62 - - - - Normal 63
% =
Sbattery Re(sbess;p )8t (15) % - H B e
p = ol
Here, Spe re ects the maximum per-phase apparent powel 00:00 0300 0600 0900 1200 1500 1800 2100 00:00

of the BESS an®yanery is the nominal rating of the battery.
After having found an optimal s,ess(t), the adjusted BESS e T R
power, i.e.Sess(t) + Shess(t), is fed into the simulation once s
again, and all outputs from this snapshot are saved. The < |-
closed-loop optimisation processes is then repeated for tt é
next time stept(+1) until a complete day has been simulated. Aot

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
time

The saved outputs are analysed in order to evaluate {§g 5. BESS powers per phase for normal half-hourly opera-
network's performance when minimising a particular cosjyp, (top) and adjusted operation (bottom).
function for BESS power optimisation. This analysis is per-

formed by feeding the simulation outputs that resulted from
optimisation based on full observability (i.e. minimising,

2 or 3) into the cost functions based partial observability
(i.e. 4 to 10). Similarly, this sensitivity analysis was also
reversed to asses the impact of minimising cogtso 10 on
costs ; to 3.

C. Evaluation

Ill. CASE STUDY

Five case studies were assessed, where each used one of
the rst three cost functions to optimise the entire network’s
operation. The network used was the UK based IEEE LV test
case network as published on the PES website [18]. From
the accompanying power pro lesl (minute in period), the
combination that generates the highest power spike of 68kW
was found and applied to the simulations. This spike occurred
around 9:30am (i.et = 566 minutes). Location of the BESS
was determined by using previous work on nding optimaFig. 3: Phase imbalance measured at substation for baseline
placement for installation of BESS in LV networks [19].  operation (top) and adjusted BESS operation (bottom).
The BESS power was adjusted using a Sequential Quadratic
Programming (SQP) optimiser, and consisted of two indepen- ) ) ,
dent mechanisms: a reactive power and active power comgst: Following these results is the aforementioned cross-
nent. Two baselines were initially obtained, where the rst digensitivity analysis. This analysis evaluates the sensitivity of
not include and BESS operation and the second consisted f© 10 based on the minimisation of costs to 5 and vice
applying a traditional or “normal” half-hourly BESS schedule€"Sa-
Three variations of the control mechanism were assessed n@gxtNetwork Improvements from Loss Minimisation

where either active power, reactive power or apparent pOWGI’FOr this excerpt, the network losses, were minimised for

was sdjusted on admmuftel]by-n.nnute basis. These ve SIUd'ggch time step. In the following gures, the resulting BESS
can be summarised as 1ollows. pro les, power and voltage imbalances, and distribution losses

1 Base case without any BESS operation are plotted against time. Here, the performance for adjusting
2 Half-hourly, i.e. traditional BESS operation both active and reactive power, i.e. Study 5 (hereon referred
3 Reactive power only) = R&(Spess;p)8p to as the “study”) are compared against the baseline and
4 Active power only;0 = Im(Spess;p) 8P traditional BESS operation results.

5 Both active and reactive power within constraints In Figure 2, both the traditional BESS phase powers and

the adjusted phase powers have been plotted over time. It

can be observed that for the traditional operation mode, the
In this section an excerpt to show a sub-half-hourly optBESS divides its scheduled power value equally over all three

mised BESS operation to reduce network losses is presenpb@dses. In contrast, for the study results, all three phases are

IV. RESULTS



TABLE II: Mininmising Network Losses

Study 4 5 6 7 8 9 10
20933 0999 0960 1.001 1.000 00941 0.960
3| 0807 0794 0962 0611 0.722 0556 0.982
410359 0261 0342 1.002 0397 0.971 0.955
5| 0653 0534 0508 0794 0.607 0.782 0.965
TABLE lll: Minimising Load Voltage Deviation

Study 4 5 6 7 8 9 10
20933 0999 0960 1.001 1.000 0941 0.960
3| 0543 0962 0951 2987 1.107 6.544 0.471
410723 0.822 0792 1.002 0738 1.025 0.955
5| 0512 0872 0955 2788 0.889 6.052 0.527

TABLE IV: Minimising Feeder Utilisation

Study | 4 5 6 7 8 9 10
210933 0999 0960 1.001 1.000 0.941 0.960
) . . 3| 1099 1005 0945 4737 1.009 9.747 0.195
Fig. 4: Voltage imbalance measured at BESS bus for baseline 4 | 5925 3325 1.754 1.002 2941 7.791 0.686

operation (top) and adjusted BESS operation (bottom). 513266 2243 1731 4842 2034 10891 0.164

TABLE V: Network Loss Sensitivity

Study | 4 5 6 7 8 9 10
2| 0937 0937 0937 0.937 0.937 0.937 0.937
3| 1893 1260 2.086 0.934 1.204 0.933 2.498
4| 0909 0864 1044 0964 0913 0.864 2.119
511835 1.276 1559 0.967 1.333 0.954 3.045

. . _ TABLE VI: Customer \oltage Sensitivit
Fig. 5: Network losses measured during the day for baseline . 9 ity

system operation, traditional BESS operation, and improvedStudy | 4 5 6 7 8 9 10
BESS operation 20999 0999 0999 0999 0999 0999 0.999

3| 0498 0.633 2502 1456 0.591 1.228 0.992
410419 0350 1.127 1.178 0.459 0.427 4.003
50332 0425 1427 1745 0481 1270 2.464

used independently after having been optimised on a sub-half-
hourly basis. TABLE VII: Feeder Utilisation Sensitivity
The impact of applying these adjusted power values be-study | 4 5 6 7 8 9 10
comes apparent when investigating the improvements they 2 | 0.960 0.960 0960 0.960 0.960 0.960 0.960
causes on the network. A_ reduction in phase imbalance is one i g:ggg 8:;22 gjgzg 8:322 8:322 8:322 g:égg
of the improvements and is shown in Figure 3. Here, thethree 5 | 0421 0795 0.672 0.971 0.816 0.983 0.164
phase active powers, measured at the network's substation,
have been plotted for both the baseline and the study results.
Additionally, the imbalance index for both has been includd@llowing the procedure explained in Section II-B for each
to quantify the improvement. of the ve case studies and computing to 19 from the
Voltage deviations, as measured at the BESS bus, have agsulting outputs.
been reduced. This is shown in Figure 4, where the voltageTable Il shows the resulting, to 10 for the minimisation
discrepancy has been effectively mitigated in study. Similar td 1, i.e. network losses. Similarly, Table Il shows the
the power imbalance plot, the voltage imbalance has also be&esaulting 4 to 19 for the minimisation of ,, i.e. voltage
included in Figure 4, where improvements can be observddviation of all customers, and Table IV presents the resulting
over the entire day. 4 to 1o for the optimisation in respect toz, i.e. feeder
Finally, the reduction in network losses is presented. Wheitilisation.
operating the BESS in its traditional mode a reduction in In this analysis, the 1st study acted as the baseline, was used
network losses from 5.66kVAh per day to 5.32kVAh per daio normalise all resulting costs, and has been removed from
can be observed. With the study using the optimised BE®® table as all values would be equalltoFor the remaining
powers, the network losses were reduced even further stwdies, a value belowindicates a reduction of the associated
5.06kVAh per day. This comparison is plotted in Figure 5. cost when optimising based on the correspondirlg contrast
o a value abovd re ects an increase in the associated cost.
B. Cross-Sensitivity of Costs Tables V, VI, and VII present the sensitivity analysis in
Next, the sensitivity of minimising; to 3 on 4to 10 is the opposite direction. Here, to 10 were minimised and
analysed. This was done by separately minimisingo 3, their impacts on the overall network performance captured by




1 to 3 are tabulated. demand variations enables such system to perform better, and
The rst set of tables shows the impact of optimisingo strengthens the business case for their use to support the
the BESS operation based on complete network informatiametwork and postpone conventional network reinforcement.
In contrast the last three tables show the impact on the
entire network when optimising the BESS powers based on
realistically limited network information. Similar to before, a The authors would like to thank IT Networking Group
value belowl indicates an improvement in network operatio@t the University of Reading for providing the HTCondor
in respect to the baseline, whereas a larger value implig&mpute cluster, and also Miss C. Scrivener for proofreading
worsening the corresponding cost. this manuscript.
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