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Abstract—This paper presents a centralized voltage control
scheme for unbalanced low-voltage grids experiencing overolt-
age problems due to high PV power penetration. Voltage conti
is primarily achieved by remotely controlling the active power of
the distributed battery energy storage systems, which arevened
by the customers. Reactive power capability of the converts
are utilized for voltage control when sufficient kW capacity is
not available. Distribution system operator has the contrd over
these battery energy storage systems during the hours of Hig
PV penetration. A method for fair utilization of battery energy
storage systems by considering both rated power and energy
capacity of the storage units is proposed. Delays caused by
communication and computations are taken into consideratin in
the design of the real time controller. Results from a simuléion
study is presented to validate effectiveness of the realntie control
scheme. The results show that the control scheme can sucdedly
maintain the voltages at critical nodes within required limits.
1 minute computational and communication delay does not
adversely affect the real time controller performance unde
the varying load and generation conditions considered in tis
paper. The utilization factor (total energy circulated through each
battery units normalized to their rated energy capacity) justifies
the fair utilization of battery storage units for voltage support.

I. INTRODUCTION

penetration.

In this paper, we propose a centralized voltage control
scheme for low-voltage (LV) distribution grids. Voltagentml
is primarily achieved by controlling active power of the -dis
tributed energy storage systems. The considered enenggsto
type in this work is battery energy storage (BES) systems.
If available kW capacity is not sufficient then reactive powe
capability of the converters are utilized. In this work, tteise
of the over-voltage problem is the active power, therefore
active power is used as the primary voltage control option.
Reactive power support comes at the cost of increased losses
and increased reactive power capability in other parts ef th
grid, a cost which seems unnecessary given that BES units
can source or sink active power, which is the root of the
over-voltage problem in the first place. When the voltages in
the distribution grid are within acceptable limits, theratpe
units can be used for other purposes such as peak shaving and
economic energy dispatch.

II. METHOD

High power injection from PV systems can results over-
voltage problem. The node that is located farthest away from

Energy storage is becoming an essential element in th@e transformer is the one that Usua”y eXperienceS the%rg

electrical power grid in order to ensure safe and reliabler-op
ation with the increasing share of non-controllable, imigent
renewable sources [1], [2]. It can play distinct roles atedént
levels of the grid. Applications of storage in distributitavel
include: voltage support, capacity support, and curtailrme-
duction [3]. Large integration of renewable sources paldidy
photovoltaic (PV) systems into the distribution grid hasan

duced several technical challenges, among them over eoltag
issues caused by reverse power flow is widely known. Activq:al
power curtailment, and reactive power support by PV inverte
are two main solutions, which have been broadly discusse
[4]-[7]. Distributed energy storage systems have advance

the voltage control capability in distribution grids fuethby
providing a better solution in terms of both controllalyilit

and efficiency. This is because voltage regulation via activ
power control is much more effective than reactive powe

control due to the resistive nature of distribution grid$. [8
Integration of communication infrastructure with the étal

power grid is an essential part of the development towarels th

Smart Grid, as it facilitates sophisticated real time maniriig
and control of network elements. This improves reliabitityd

quality of supply, and ensures optimal utilization of netkwo
elements [9]. Real time control of active power of distriulit
energy storage units is an effective solution for distiiut

deviation of the voltage from the nominal value. If the trans
former supplies several feeders, then there can be more than
one such critical node. Bringing down the voltage at critica
nodes eventually bring the voltage profile of the line inte th
required limits. Here we assume voltage of the MV side of
the distribution transformer is maintained sufficientlynoaver
range than that of LV network.

The control system consists of a central controller which
culates the activeR) and reactive @) power settings of
the BES units. The smart meters that are located at theatritic
g-‘odes notify central controller whenever they detect snisth

ver voltage. When the central controller receives ovédiage
warning, it calculatesd, ) settings of the BES units based on
the real time critical nodes’ voltage measurements and BES
status. Then it transmit these set points to BES units’ con-

trollers. This approach is an event based triggered mestmani

which starts whenever over voltage event is detected. e als
included time based triggering in order to avoid operatihg a
sameP, () settings over a long period of time.

European LV distribution systems are often three phase
four-wire systems, and they accommodate both three- and
single phase loads and DG units. Therefore, the system is
usually unbalanced, to some extent. Connecting a singlsepha

grids experiencing over-voltage problems due to high PMoad or generator to a three phase four-wire balanced system



results in a neutral point shift due to return current thitoug 1) Voltage Unbalance: Besides solving over-voltage prob-
the neutral conductor [10]. Because of that, a single phasiem, BES units are utilized to minimize voltage unbalance.
generator injecting active power into the line results in anHere, we used the IEEE 112-1991 definition of voltage unbal-
increase in the voltage (positive correlation) at the pdsere  ance [12]. It is also known as phase voltage unbalance rate
it is connected, whereas the voltages in the other two phas€BPVUR) and is given by

are decreased (negative correlation) in grids having RtX ra

larger than 1. The positive correlation between voltage and % PVUR — maz|Vap,e — Vaug| % 100 (4)
power at the same phase, and the negative correlation betwee Vavg ’

voltage and power at different phases permit voltage contro
by charging the BES units in one phase while dischargin
in other phases. This is an effective solution for unbaldnce
networks. Therefore, in the following, we treat the threag#s

hereV, ;. are the phase voltages in the three phases, and
awg IS the average phase voltage. We use this definition
because it only considers voltage magnitudes. However, the
separately and consider single phase BES units. true definition of voltage ynbalancg, which is knovyn as \gdta
unbalance rate (VUR), is the ratio of the negative sequence
Using the voltage sensitivities w.i and @ (9%, 55) »  voltage component to the positive sequence voltage compo-
the voltage change at nodephaseu for change in active and nent. The EN50160 standard states that the voltage untealanc
reactive power at nodes where BES units are connected camall be within the range 0 to 2 %.

be written as follows. L . ) )
2) Objectives: The active power settings of the BES units

Nu Nb Nc N . .
N OWai AP+ Wai AP+ Y IWai Ap,, need to be found such that the total active power involved is

= 0P,y = 0Py, = 0P, minimized while still solving the over-voltage problem,dan
N Nb’ N minimizing voltage unbalance. This requirement is coraabrt
~ OV OVai ~ OV to a non-linear constraint optimization problem where the
N kzz:l Qi AQa + = 0Qu AQux + ; 90w AQek  objective function is as follows.

1) n
where N, : p = {a,b,c} is the total number nodes where mm(/\p (P2 + P+ P2) + pup (ZPVUR? _52))’ ®)
BES units are connected in each phase, Al AQ are the i=1
change in active and reactive power respectively. The niethoynere 3 is the statutory limit of voltage unbalance,is the
of calculating voltage sensitivities in an unbalanced eyst n mber of critical nodes, and, and y, are the weightings
presented in [11] used in this work. provided for the two objectives in the objective function.

A. Active Power Allocation 3) Constraints: The voltages at critical nodes should be
within the limits after power allocation. The required \age
change at a critical node is calculated based on the real-tim
voltage measurements. These measurements are taken while
BES units are in operation, i.&, @ settings of the BES units

ay not be zero while the measurements are being taken.

herefore, first we calculate the voltages at critical nodes
without the presence of the BES units.

dopted sign convention: Active power injection(dischiag:

In this study we consider utilizing multiple residential 8E
units for grid voltage support. Therefore, a fair utilizatiof
participating units is of primary concern. We propose sigri
the total active power involved in each phase in proportio
to both the rated energy (kWh) and the rated power (kW
capacities of BES units. Sharing power in proportion to gner
ratings ensures that battery degradation due to cyclinghfer

purpose of voltage support is equal among the BES unit L . e .
Sharing power in proportion to power rating avoids limiting P oSitive, Active power consumed (charging): Negative, Re-

usable kW capacity of a BES unit to the rated capacity Oiactive_ power consumed: Positive, Reactive power injected:
the BES unit having largest kWh rating, in case there existdegative.

BES units having larger kW capacity but lower kWh capacity  The node voltage without the presence of BES units is
compared to the one having the largest kWh capacity. given by

Assume that at a certain instant of time the required total N, N,
active power transferred to (from) all the BES units that are |, —V. _ WVai 10 i %PO
connected to phases,b,c are P,, P,, P. respectively. We at,cale = Vai,msred OP,. ©F Py, 0*
define the active power allocation coefficient (APAC) for pha k=1 h=1

a as follows. (Similar equations apply for phadeandc.) S OV . N OV, Y o AV Y
P Y B ‘ + 9P Poy | — 20 ak T WQM (6)
Kfj == batRated,aj X LbatRated,aj : (2) b1 ck =1 ak =1 bk
) a Ne
Z PbatRated,aj X EbatRated,aj aVai o
k=1 +Z 8@ c,k |
=1 ck

where Eyqgirateda @aNd Pyotrateq @re rated energy and power

capacity of the BES unit respectively. Subscriptslenotes whereV,; msreq iS the measured node voltage, aRgl, , Q°
phasea, j denotes the node where storage is connected, angte p andQ settings of thek™* BES unit connected to phase
superscript” denotes active power. a When measurements are being taken.

Then the active power settings for BES units are If the required change in three phase voltages at critical
Poj=Kl Py i P;=K[ ;P ; P.j=KI;P. (3) node areAVy; cq: AVhireq: AVeireq then the node voltages



after correction will be Transformer e  Load Nodes

800 kVA, 11 kV/416 V
Vai,calc _ Avm_ﬂmq M ® Load+PV Nodes
Storage Nodes

Vi, cate — AVbi req (7) : ¢ Critical Nodes
‘/ci,calc - A‘/ci,req
The values calculated from Eq. (7) is used in Eq. (4) to N.1

calculate the PVUR. The requirement of maintaining the
voltage within allowable limits introduces following cdraint
into the optimization problem.

Vai,calc - Vmaw < A‘/ai,req < Vai,calc - szn ) (8)

N.2

whereV,,,.. is the maximum limit and/,,;,, is the minimum
limit of the allowable voltage range.

Charging and discharging power of the BES units are
limited to their rated values. This introduces the constrai

_PbatRated,aj < Kfjj Pa < PbatRated.,aj 5 (9)
) ) ) i Fig. 1. Single phase layout of the LV network - IEEE Europeam Voltage
The constraints given in Egs. (8) and (9) apply for phdses test feeder.
as well.

The optimization problem is solved with the interior-point gypstituted into Eq. (1) Wit\Q, r = AQpr = AQ. i = 0,
algorithm. Sometimes the problem may not have a feasiblgg calculate the expected change in voltag&d/f; ..,:) at

solution that satisfies the given constraints. In that case Weritical nodes. Then the expected voltage at critical nade i
relax the voltage constraints until the solution is feaesibl
Vai,ewpt = Vai7calc + AVai,ewpt (11)

4) Clustering of BES units: If the LV network consists of
one or several long laterals besides the main line, there ther
are more than one critical node. In that case, clustering of Voltage constraint similar to the one described in Egs. (7)-
BES units based on which critical node each BES unit ig(8) is holds for this case as well, wheig; ... should be
supposed to support is required. This is because the voltageplaced withVy; c.p:.

rofile and the nature of voltage unbalance can be different : -
ﬁ1 different laterals. For such £gletworks, considering the t ¢ Settings of each BES converter should be within the
tal power involved in each cluster separately gives a bettefSactve power capability of each converter.

solution. Then, the number of variables in the optimization

problem becomes 3 times the number of clusters. The total —/ Sfated.,aj - Pf-,j < Qay = V Sfated.,aj - Pf-,j (12)
ower involved in each cluster is shared among the BES units . .

ir:w each cluster according to Eq. (3). Althouggh the clusteré’\’heresrated*“j IS the kVA rating of the converter connected

are being considered separately when sharing the power, th@ Phases, node;.

interaction between the clusters is taken in to account is Eq The optimization pr0b|em is solved again using the interior

(4)-(8). point algorithm. As in the previous case relaxation of the

voltage constraints is done when required.

B. Reactive Power Allocation

If available kW capacity is not sufficient to maintain the I1l. CASE StuDY
nodes’ voltages within statutory limits, then reactive pow .
capability of the converters are utilized for voltage cohtThe The proposed method is tested for IEEE European low

reactive power settings of the converters are found suchitea  Voltage test feeder shown in Fig. 1. This network supplies 30
total reactive power involved is minimized while still sotg ~ customers which includes both three phase and single phase

the over-voltage problem, and minimizing voltage unbatanc connections. These customers were distributed symmigtrica
The respective objective function is among the 3 phases. We considered 120 customers out of

these 300 to have rooftop PV systems. Each of these systems
Na Ne Ne are single phase with a capacity 4 kWp. We assume all
min (Aq (Z Qﬁ,k + Z Qg,k + Z Qik) + loads/generations to be constant power loads. The dailyedom
k=1 k=1 k=1 (10) tic electric load profiles of a typical European householdeve
n obtained from IEA/ECBCS Annex 42 [13]. Power production
g <Z PVUR? — ﬁ2)>, from a 300 Wp PV module installed at a test station at the
i=1 University of Agder in the town of Grimstad, Norway is
used as the basis for PV production profiles [14], [15]. 30
different PV production profiles that can represent theiapat
variability of solar irradiance were distributed randoraiyong
By solving the optimization problem in Section II-A we 120 PV nodes. The resulting active power on the distribution
can find P settings of the BES units. These values are theriransformer during the critical period is shown in Fig. 2.

whereQ, . is the reactive power setting of thé" BES unit's
converter connected to phase a.
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Fig. 2. Active power load on the distribution transformeasRive values 11:00 12:00 13:00 14:00
corresponds to power flow in the reverse direction. Time [HH:MM]
TABLE I. CHARACTERISTICS OFBESUNITS. Fig. 3. Voltages at critical nodes during critical periodhaiut voltage control.
Name | SI-1  S1-2  SI-3  ST4  SI5 S16 SI-7
kw 5 5 6 6 6 6 6 l Phase-[A] Phase-[B] Phase-[C] ]
kWh 15 15 15 18 15 15 15
Name | ST-8  ST1-9  S1-10 SI-11  S1-12  SI1-13  ST-14 Node : N.1
kw 6 6 6 6 6 6 6 115
kWh 15 12 20 18 18 18 18
Name | ST-15  ST-16  S1-17  ST1-18  S1-19  S1-20  ST-21 B
kw 5 6 5 5 6 4 6 LR O O S
kWh 18 15 15 15 15 12 15 S
GRS RRRRE
1.05 . .
Regarding the BES units, we have assumed a case of ' PO ede:N2 ™ 1400
residential BES units in which owners get financial incesdiv 115
from the distribution system operator (DSO) for installitng z
BES unit, if the owner decides to participate in grid voltage Y O R A ]
R RE ,J-'VL A S|
support. The agreement between the DSO and the BES unit's = ’M‘W‘&’\/v W d ot N
>
owner states that the DSO has full control over tRel)
settings of the unit during a certain time interval of the .day 105 = o e o0
the following we call this time interval the critical perioth Time [HH:MM]

addition, the agreement states that the State of Charge)(SOC

of the BES unit should not be above a certain limit at the starfig. 4. \oltages at critical nodes during critical periodiwioltage control.

of the critical period. The DSO decides the critical period a

the SOC limit. We considered 21 single phase BES units (7

units per phase) connected to the nodes indicated in Fig. tonsidered as 1 minute (communication and computational
The rated power and the rated energy capacities of these BEflay).

units are listed in Table I. We can observe that this network

consists of two long lines, and therefore has two criticaless ~ Fig. 3 shows voltage variation of the two critical nodes over
(N.1, N.2). Hence, clustering of BES units was done as show#me without any voltage control measures for a certainilogd
in Table II. condition. As can be observed in the figure, both critical

nodes experience over-voltages during this period. Thereat
of voltage unbalance in two nodes is significantly different
Fig. 4 presents the critical nodes’ voltages with the cédiztrd
Quasi-static time series simulations were performed with 1voltage control scheme. From the figure, it can be obsenad th
minute time resolution. Over-voltage problems primaritgor  the proposed scheme can successfully maintain the voltages
during peak PV production hours, i.e. around solar noonin all three phases within the statutory limits. PVUR and the
Therefore, the critical period was set to 1100-1400 hrs.Thé&rue VUR at the two critical nodes are shown in Fig. 5. From
maximum SOC limit mentioned in Section 11l was set to 40the figure, it can be seen that the IEEE 112-1991 definition
%. The time interval of time based triggering was set to 200f voltage unbalance (PVUR) deviates significantly from the
minutes. Time takes from originating the over-voltage vimgn true VUR. The IEEE 112-1991 definition usually gives larger
to receive P, set points by BES units’ controllers was values for voltage unbalance rate when compared to the true
definition. Therefore, it is acceptable to adopt the IEEE-112
1991 definition in the objective function given in Eq. (5),

IV. RESULTS AND DISCUSSION

TABLE II. CLUSTERING OFBESUNITS. . .
because the true VUR will be always below the maximum
Cluster ’\ﬁ?rgical BES limit as long as PVUR is. The calculatde] ) settings after
ode P . . . .e
T NI  STL ST2 ST3 ST4 ST5 ST6 ST7 ST8. 570, receiving the over-voltage warning are sufficient to maimta

2 N.2  ST-10, ST-11, ST-12, ST-13, ST-14, ST-15, ST-16, ST{i7  the voltage within the statutory range over considerabhglo
ST-18, ST-19, 5T-20, ST-21. time interval even though the load and the PV generation
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Fig. 5. \oltage unbalance at critical nodes without (figuoesthe left) and = 2T L[] P
with (figures on the right) voltage control scheme. (a) Phadage unbalance X ST-9
rate (IEEE-112 1991 standard). (b) True voltage unbalaate (EN50160 5 - g“g
standard). 3 ) ST-20
& ST-21
11:00 12:00 13:00 14:00
change over time. However, notice that these set points ai. Time [HH:MM]

not optimal because the load and the PV generation change _ ) _

all the time. It is important to solve over-voltage issueslevsh F19: 6. Active power setlings of BES units. Results are shéwrthe three
. . . . hases separately. Positive values correspond to disebavehile negative

transferring as little energy to the BES units as possible sSames correspond to charging.

that there will be kW capacity left for voltage support at a

later time of the day. Moreover, reactive power involveddee Phase - [A]

to be minimized so that the additional loss introduced due_ 4T ' ' p—

to the reactive power utilization is minimized. That is why < ;| I

it is required to calculate the optimal set points periolfijca N ——— T3

(time based triggering) even without over-voltage warsing

ST-11

Power [KVAr

ST-12
However, it should be noted that so called optimal set point: , , _ ST-13
are not really optimal, because there is always a delay legtwe  11.00 12:00 13:00 14:00
getting measurements and receiving set points. Calcuolatio 6 _ Phase-[B]
optimal set points is done based on the measurements ai= I ————— T4
by the time the BES units receive these set points, the loaz 4| : —

and the generation have changed. Therefore, we can cadl the s ST

set points near optimal set points with respect to the cUrrerE ? H P
loading condition. Even though there is a delay (1 minute), t

calculated set points are sufficient for maintaining theages 1:00 O ke (€] 13:00 14:00
within the required level. This implies that the considered _ - - -
communication and computational delay does not adversel§ I ] —

affect the controller performance. oT 13
ST-19
ST-20
ST-21

—o

B~

wer [k

Fig. 6 presents active power settings of BES units con 2
nected to each phase. From the figure it can be observed th ¢ L
the time between 13:30h and 14:00h, the BES units connecte "% T 14:00
to phases A and C are discharging while the BES units me [HHMM]

ConneCted to phase B are charging. That is because the BEs . 7. Reactive power settings of the BES units’ convertBissitive values
units, ST-14, ST-15 and ST-16 reach 100 % SOC by 13:308orrespond to reactive power consumed by the converteis whiative values
results in insufficient kW capacity for voltage supportiraph  correspond to reactive power produced.

B-cluster 2. Hence first it try to lower the voltage in phaseyB b

discharging the BES units connected to phases A and C while

still maintaining the voltages in phases A and C within theeach BES unit during the critical period to the rated energy
limits. However, still it cannot solve over-voltage proflén  capacity of the BES unit. In this paper, this ratio is called a
phase B while satisfying all other constraints, therefeastive  utilization factor of the BES unit. From the utilization tacs
power is utilized as shown in Fig. 7. Discharging BES unitsshown in the table, it can be observed that BES units condecte
in one phase while charging BES units in the other phaseto each phase in each cluster are utilized fairly. Howevex, i
are possible with single phase BES units. Also the optimatertain BES unit's both rated power and energy capacities ar
P, (Q settings are different in three phases even the BES unlpwer compared to the others, then that BES unit will have a
is connected to the same node. Therefore, single phase BH®ver utilization factor, because active power is sharddben
units are more effective in voltage control for unbalancedBES units in proportion to the product of rated power and
distribution grids. energy capacities.

Table. Il lists the ratio of total circulated energy (kW) i Utilization of customer owned devices will avoid the need



100 Phase - [A] more than one critical node, then clustering of BES unitetas
w0l ’ st on which critical node each BES is supposed to support is
S ST-10 required to ensure optimum utilization of power and energy
g oor ] s capacity of BES units. Sharing active power in proportion to
2 40 . P the product of rated power and energy capacity ensuresrbette
20 . . utilization of multiple BES units for voltage support.
10:)1:00 1200 ppase - [B] 300 14:00
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