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Abstract

The present distribution systems are heading towards smart distribution systems to attain large socio economic benefits.
For achieving these benefits, the distribution system will include the practical aspect of the flexible modern technologies
like renewable energy based distributed generators, demand response and battery energy storage system to manage load
governance. There is source of uncertainty present in the non-dispatch able based distributed generations (DGs) that affects
the operation schedule of distribution system. Therefore, this paper proposes a novel operation strategy for battery energy
storage in coordination with uncertain large scale Photo-voltaic system based DG for distribution system. The optimal
discharging and charging plans of battery energy storage for accommodation of uncertain photovoltaic are condition to
the constraint like nodal power balance, feeder current limit and node voltage limit etc. Grey wolf optimization algorithm
(GWO) is developed for analyzing the impact of multiple battery energy storage strategies, for controlling the demand
deviation and node voltage of the distribution system. GWO algorithm is investigated on IEEE-33 bus radial distribution
systems. The efficacy of the result shows the successful achieving the promised voltage profile and grid demand devia-
tion profile.

Keywords Distributed generation - Battery energy storage systems - Photo-voltaic system - Grey wolf optimization
algorithm
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Introduction

Many government programs are initiated to motivate house-
hold, commercial and industrial consumer to install solar
photovoltaic panels with subsidized cost. That initiative
some time make problem for the distribution system as it
is planned with very high penetration of uncertain renew-
able. Therefore, to developed optimal operational strategies
that helps to full utilization of resources without any techni-
cal issues is very crucial. The rapidly growing PV installa-
tion contributing largely for production of the clean energy
which is environmentally beneficial but causes technical
concern in power system like power loss increase, imbal-
ance of voltage and reliability etc. [1]. These technical
issues raise a challenge for power system stability. These
distributed energy sources are categories in two ways that
are non-dispatchable and dispatchable energy sources. Out
of these two categories of distributed energy sources there
is an uncertainty factor involved with the non-dispatchable
type of energy resources like wind and solar PV.

Firstly, these types of renewable energy sources are
mainly dependent on the weather conditions, and this can
put our power system into the instability problem [2-5].
Therefore, to solve this problem the operator must have the
reserve to secure the safe operation of the system. More-
over, the optimal energy management system including
energy storage as flexible technology to absorb the uncer-
tainty of non-dispatchable generation is one favorable solu-
tion for distribution system operators.

Secondly, as the penetration of renewable energy
increases, it will become more difficult to absorb the power
of PV generation in distribution system [6]. In [7], integra-
tion of PV in distribution system is analyzed to maintain the
voltage profile and author concluded that 5% of penetration

level of PV is required for maintaining the voltage of the
system. In [8], solar PV is used to loss minimization and
voltage improvement for IEEE 33 and 14 bus systems
where author concludes that till the 50% penetration level of
PV loses are minimized but beyond that losses starts again
increasing. In [9], solar PV is integrated with power distri-
bution system to enhance the reliability with Monte-Carlo
simulation in IEEE 33 bus system and author concludes that
system needs 20% penetration level of solar PV to enhance
the reliability of distribution system. In [10], optimal loca-
tion and capacity of solar is determined for the standard
33-bus distribution system. However, it is investigated for
the limited optimal capacity. It is necessary to increase the
penetration of solar PV, some flexible technologies such as
energy storage and demand response is optimally integrated
into the distribution system.

Hence, energy storage system (ESS) is taken into con-
sideration to address the problem of high penetration of PV
system based distributed generators in the distribution net-
work. Distribution system operators generally adopt BESS
out of all ESS techniques because of its advantages, which
include high efficiency, quick response times, and others
[11]. Nevertheless, due to the adverse impact of high pen-
etration of non-dispatchable distributed generation like loss
of energy and flow of reverse power can be limited by the
optimal accommodation and operation of BESS [12].

In [13, 14], a large amount of strategically positioned
BESS helps for high penetration of DGs. In spite being
mentioned benefits of BESS, it is still expensive choice for
distribution system operator. In [15], the PV and BESS inte-
gration is taken into account for radial distribution system
implementing cuckoo search algorithm (CSA) to address
technical, economic and environmental benefits with volt-
age profile enhancement index, cost benefit ratio and envi-
ronmental benefit index. In [16], PV and BESS is integrated
to reduce the annual power loss and overall annual cost of
the system using dragonfly algorithm (DA) on IEEE 33 bus
radial distribution system. In [17], the different distributed
generators like wind, solar, and shunt capacitor are inte-
grated for multi objective problem to improve mean voltage
deviation and annual average energy loss minimization. In
[18], DGs integration are taken using multi objective Tagu-
chi approach (MOTA) with technique for order of prefer-
ence by similarity to ideal solution (TOPSIS) to minimize
reactive, active power loss, voltage deviation, maximize the
voltage stability index and margin on an IEEE 33, 118 bus
and practical 201 bus system. In [19], multi objective dis-
tributed energy resources are taken using elephant herding
optimization (EHO) with TOPSIS to minimize the power
loss, minimization of node voltage deviation and to volt-
age stability index maximization, on IEEE 33, 118, 880 bus.
In [20], different DGs with shunt capacitor are taken using
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Fig. 1 PV generated scenario

improves teaching learning based optimization (ITLBO) to
improve node voltage and maximize the decrease in yearly
energy loss. In [21], the simultaneous determination of opti-
mal allocation and capacity of PV and BESS for minimizing
the voltage deviation and active power loss is investigated.
As per the authors best knowledge, the two step approach
for minimize the demand deviation, reverse power flow,
and node voltage deviation using GWO is not analyzed.
Therefore, this paper investigated the optimal coordinating
of uncertain high penetration of PV and BESS to reduce
demand deviation, reverse power flow, and to enhance the
node voltage of the distribution system with the implementa-
tion of GWO algorithm. This problem is developed through
two step approach. In first step, PV absorption sensitivity
analysis on different loading is performed to calculate that
how much PV is absorbed by considered distribution system
and its technical aspects. Moreover, in this stage, the hourly
dispatch of the already allocated PV is optimally determined
in the distribution system. In second step, the discharging
and charging of BESS in hourly coordination with uncertain
PV to mitigate demand deviation, reverse power flow and
node voltage deviation is investigated simultaneously.

Uncertainty Modeling of PV

In this section, PV power generation modeling is shown as
follows:

Generation and Reduction of Scenario

The modeling of intermittent PV power is performed with
the help of Monte-Carlo simulation (MCS) model [20].
Through this model, PV power is denoted by normal distri-
bution function, the reason behind is the investigated data
of PV power go along in same likelihood probability dis-
tribution function. Large PV power scenario is favorable
for exact stochastic modeling. However, the execution and
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Fig.2 Reduced PV scenario

complexity problem increases due to this huge PV power
scenario.

Therefore, these generated huge scenarios are reduced
to ten scenarios by the use of KD method which contains
nearly same properties as earlier generated scenarios. The
KD method, has found a new probability distribution on the
basis of probability distance which is formulated as:

KD(s,¢') = Y %D(s,<) (1)

sep/ s

Where, D(s,<") = |pe — pes|V(, ¢ € pyn=1,2,....., Ne.
The scenarios which are produced & reduced accommodat-
ing its mean scenario are shown in Figs. 1 and 2.

Problem Formulation

In this paper, the framed objective is considered to minimize
the demand deviation along with the nodal voltage limit as
a penalty function for optimal coordination of high penetra-
tion of solar PV with BESS. The objective function of the
demand deviation minimization is as follows:

Trotal D DT 2
iy (PP @)

TTotal

F =

where, DL shows the average demand, F, represent demand
deviation, Dy represents the actual demand with respect to
time & N denotes the total number of hours of the day.

rand Vi < Vipi
F = 0, Viip $Vi < Vmax 3)
rand 1”‘1/1 > Vmax



Where, F, represents the voltage deviation. The V; is the
i node voltage, V.. is the minimum limit of the voltage
deviation (VD), V.., is the maximum limit of the VD, and
rand is a random number.

min

Overall Objective Function

The following is overall framed objective function to inves-
tigate considered problem:

Constraint

The objective functions defined in Eq. (4) are bound to con-
sider the following constraints which are following:

Constraint of Nodal Power Balance

The Egs. (5) & (6) define the constraints for the active and
reactive power balance.

Nb
Pr=V"> V'Y cos(0y + 6] —6]), VT (5)
j=1
Nb
QF = V' Y ViYysin(0;; + 67 —o1), VI.i  (6)
j=1

Feeder Current Limit
The Eq. (7) shows the current flow in the respective feeder’s
branch which must have equal to or less than rated current

in the respective branch.

T m .
Lagigy) < 1y, V100 7

Constraint Related to Charging/Discharging of BESS

The constraints of BESS involved with formulated problem
are as follows:

P5™ < Pg(c,yp,y < P VT, i ®)
socM- < socT < SOCM™ vT, i )
soct-14 pT n.At/EEif pL >0

T _ i B(C;/Dy) 'lc B Y B(Ci/D;)
SOC; = { S()ClT -1y P}g(q/Dl) At/‘r]dEg else (10)

24
> 1ePhcypy + Phc.py/na =0 (11)

T=1

Where, Egs. (8, 9, 10, 11) shows the constraints of
BESS operation and is extract from [22] and [23]. Here,
legum.’ Pjé/faac.7 Pg(c,/Di)’ SOC]W”L', SOCMM.’ SOCZT
is the maximum and minimum limit of battery dispatch
power, discharging and charging of BESS power at a spe-
cific time, state of charge (SOC) limits and SOC of node ith
for T time period respectively.

GWO Proposed Algorithm

Mirjalili et al. [23] have proposed the grey wolf optimiza-
tion (GWO) algorithm, which depicts grey wolf leadership
hierarchy and hunting strategy. The methodology divides
wolves into four distinct categories: alpha, beta, delta, and
omega (a, B, 3, ®) from highest to lowest level. o represents
optimal outcome, P is the suboptimal outcome, o is third
outcome and omega have the least priority among all grey
wolf.

The alpha wolf held all the governing powers, includ-
ing when to wake, sleep, and hunt, and the grey wolf was
treated as the group chief at this stage. When an alpha wolf
passes away or becomes too old to lead, a beta category wolf
will step up in their stead. Within the group, alpha wolves
hold superiority over beta wolves. The omega wolves take
instructions from the remaining commanding wolves. These
omega wolves play no role in the group but if omega wolves
are not there in pack then complete pack may experience
internal struggle. The wolves which are not refer to o, f and
o classification are labeled as 6 wolves. 8 wolves dominate
the omega but always follow the alpha and beta. The fol-
lowing three steps are used by the grey wolf during hunting:

a. Track of the prey.
b. Encirclement of the prey.
c. Attack on the prey.

The mathematical models of the grey wolves’ steps are
detailed in the subsequent subsections.

Prey Encircling
Grey wolves encircle the target while they are hunting and

to represent this behavior of encirclement, following math-
ematical equations can be used:

H=|N.Q)(T)- G(T) (12)
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— .
where, N and M are coefficient vectors, T represents pres-

ent iteration, @)pis the position of prey and G shows posi-
. 4

tion of grey wolf. The vector N and Mare measured as
follows:

M=2d.7r-a (14)
N =927} (15)

where, parameter @ is reducing from 2 to 0 as iteration
: =

increases and 71, 75 are random generated numbers between
zero and one.
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Fig. 3 Flow chart of the GWO optimization method

Hunting

In most hunting situations, alphas lead the way, with beta
and deltas joining in on occasion. Below is a mathematical
representation of the wolves hunting behavior:

Ho = |N1.Qa — C (16)
Hj = |N2.Q5 - G (17)
H; = |N3.Q5 — G| (18)
Gl = Qo — M;.(Hy) (19)
Gi = Qj — My.(Hp) (20)
G = Qs — Ms.(H;) @1
Gt+1)= W (22)
Attacking Prey

Attacking an individual while it is still moving is the last
stage of a grey wolf chase. Alpha, beta, and delta grey
wolves must shift to attack the prey in order to offer a con-
sistent solution. As a result the value drops from 2 to 0, the
variations range will also reduce. Consequently, it will have
a random value within the range [-2a, 2a]. The next location
of the search agent might be between its prey and current
positions if these random number values fall between [-1,
1]. The wolves will be forced to attack the prey since |A|<1.
Figure 3 illustrates the process for finding the best solutions
for the given objective. The considered operational problem
for distribution system can be optimized using the follow-
ing steps:

a. Initialize the parameters such as populations, maximum
number of iteration, and search space variables for
hourly solar dispatch and BESS charging and discharg-
ing power.

b. Update the uncertain data of solar PV generation, ran-
dom initial position of grey wolves, and optimization
parameters.

c. Assign the distribution line, and load data.

Update the load profile for a full day.

e. Assign the considered locations and sizes of multiple
PV and BESS to the particular nodes of the distribution
system.



f.  Scheduling of hourly dispatch power of PV and charg-
ing/discharging power of BESS is determined as the
operational variable of the problem.

g. Run the Newton Raphson load flow method to deter-
mine the real power demand, node voltage, and reverse
power flow and save the best fitness.

h. Update the position of each wolf using equations (12) to
(22) for each 24 h of time.

i. Update BESS charging/discharging power, SOC, and
real power demand for the successive iterations and
save the best fitness that is in Eq. (4).

j- Determine the optimal best fitness as in the form of
demand deviation and node voltage deviation and its
corresponding best variables as dispatch PV power and
BESS power.

Result Discussion

In this section, the GWO algorithm is developed to analysis
the maximum PV utilization with optimal dispatch of bat-
tery storage system on 33 bus standard radial distribution
system. The IEEE 33 distribution system data is shown in
Table 1. The line voltage of the system is 12.66 kV. The
nominal active and reactive demands are 3.715 MW, 2.3
MVAr respectively. In this paper, loading of the system
is varied from 0.5 times to 1.6 times of nominal loading.
The power dispatch of BESS during charging/discharging
is assumed in between the limits of -1000 kW to 1000 kW
[24]. The voltage limit is taken in between the range of 0.9
to 1 p.u. [6]. The minimum and maximum SOC limit for the
battery is assumed to be in between 20 and 100% [6]. It is
assumed that the charging/discharging efficiency for consid-
ered BESS system is 90% [6]. The size and location of PV
and BESS is shown in Table 1 [25]. In Fig. 4, the IEEE 33

Fig.4 Integration of DGs in

Table 1 Details of IEEE-33 bus network
System Information: 33 Bus system

Index System study
Nominal line voltage 12.66 kV
Nominal active demand 3.715 MW
Nominal reactive demand 2.3 MVAr

PV location(size in MW)
BESS location (size in kWh)

SOOMZ’IL, SOCMam

14(0.753),24(1.099), 30(1.071)
14(5000),24(5000),30(5000)
02,1

-1,1

Table 2 The average PV generation data for complete one day

S.No Time Average PV S.No Time Average
(Hour) Generation (Hour) PV Gen-
(kW) eration
&W)
1 12:00 0 13 12:00 2923.29
2 1:00 0 14 13:00 2745.57
3 2:00 0 15 14:00 2460.45
4 3:00 0 16 15:00 2130.12
5 4:00 0 17 16:00 1500.42
6 5:00 0 18 17:00 563.36
7 6:00 336.26 19 18:00 0
8 7:00 1321.88 20 19:00 0
9 8:00 1977.89 21 20:00 0
10 9:00 2430.005 22 21:00 0
11 10:00 2706.39 23 22:00 0
12 11:00 2888.84 24 23:00 0

bus radial distribution system is shown along with integra-
tion of PV and BESS. The average PV generation data is
shown in Table 2 and the total PV energy dispatch is 23,979
kWh. The average PV generation and load profile are shown
in Fig. 5.

In this paper, the sensitivity analysis of load on PV is per-
formed and results are shown in Table 3. The total reverse
energy flow during the nominal loading is 4267 kWh. The

IEEE-33 bus system PV1 BESS1 BESS2 PV2
22 23124 |25 26 27 28 29 |30 [31 32
| |
1 2 34 5/6 7 8 9 10 1112 13 14 1516 17
o1 [ | | ]
I I I

BUS

18 19 20

21
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Table 3 Sensitivity analysis of different loading with PV

Time (Hour)

S. No. System Loading Min. Bus Voltage Max. Bus Voltage Demand Deviations  Total Reverse Energy ~ Total PV
(pu.) (pu.) (kW) Flow Energy
(kWh) Planned
(kWh)
1 Nominal loading 0.9131 1.01 1437 4267 23,979
0.5NL 0.9583 1.03 1214 13,334
3 1.6 NL 0.85 1 1872 0
i 7000
Fl.g. 6 Real de.:manq profile on m ToNL] T T |-
different loading without any B~ peakl.6NL
modification in distribution 6000 - - ’ b
system PeakNL~-.,
? 5000 |- T .
& T
= \\“\ ¥ -
g 4000 05N~ \GiD
< S
E 3000 [ S -
=] .
S 2000 ) e
&
1000 l E
0 5 10 15 20 ) 25

reason for this reverse energy flow is because of high PVs
generation than the system demand. Moreover, the large
reverse energy flow back to grid with the consideration of
0.5 nominal loading. In this scenario, 13,324 kWh of total
reverse energy flow is observed in system. However, the
reverse energy flow to grid is minimize only when the sys-
tem demand is increased for the considered system and that
is neutralize for the 1.6 times of nominal loading. There-
fore, the goal of increasing the green energy penetration is
restricted and there is need to explore some novel opera-
tional strategies that reduce the above issue and maintained
the system well in operation limit. However, with increasing
the loading it is shown in Table 3 that demand deviation of
1872 kW is observed and is maximum in all the considered
loading. Therefore, it is notice that with increase of load-
ing it allows to consume the more PV penetration, but it

Time (Hour)

increases the demand deviation. The real demand of the grid
on different loading without any modification is presented
in Fig. 6.

As the loading increases demand deviation is also
increasing because of the fixed size of the PV. Therefore,
to minimize the above issue, this study is developed in two
steps. In step 1, the PV absorption is also investigated and is
shown in Table 4. It indicates that how much PV is absorbed
by our system for different loading. So, the PV is taken as
dispatch variable and its upper limit is considered from the
average PV dispatch as shown in Table 2. This result gives
the time wise optimal use of PV. Moreover, it indicates that
how much PV is waste for the different time in complete
one-day analysis and is not advised to flow in the system
otherwise it affects the operational limits of the system. As
it is seen from Tables 3 and 4 that for 1.6 times of nominal



Table 4 The PV absorption for different loading

S. No. System Loading Demand Devia- Total Reverse Energy Total PV Energy planned  Total PV Energy Uti- Wastage
tions (kW) Flow (kWh) as per level 1 in (kWh) lized (kWh) (BB) of PV
(AA) Energy =
(AA-BB)
1 Nominal Loading 900 Nil 23,979 1796 22,183
2 0.5 NL 460 Nil 1542 22,437
3 1.6 NL 1523 Nil 2967 21,012
Table 5 Scheduling of BESS power dispatch to show that maximum PV energy allow for this loading is
S.No. Time BESS . Base . Total . only 2967 kWh instead of 23,979 kWh. The remaining is
(Hour) Power(Charging/Dis- Deman Deman TR
charging) (kW) (kW) PV BESS wastage of resources or und.erutlhzatlon of resources. So. for
(kW) complete utilization, there is need to explore some flexible
1 12:00 0 1011.52 1011.52 technologies with optimal operation strategy.
2 1:00 0 988.46 988.46 Therefore, BESS charging/discharging in coordination
3 2:00 93 901.13 995.13 with time wise dispatch of PV is performed in step 2. The
4 3:00 -362.67 771.73 1154.08 scheduling of BESS charging/discharging power dispatch
5 4:00 -503.22 706.12 1221.54 during a day is shown in Table 5. The energy status of BESS
6 5:00 0 853.26 853.26 on nominal loading is shown in Fig. 7. The energy status of
7 6:00 -230 1086.62 981.50 BESS with coordination of PV on nominal loading is shown
8 7:00 -720.90 1537.14 928.35 ST
in Fig. 8.
? 8:00 -1323 1622.73 97540 In step-2, the problem occurred in previous level that
10 9:00 -1349 1773.47 674.27 . .
1 10:00 1534 1002.52 12547 is reverse power flow due to the PV generation is handled
12 11:00 1714 2009.66 205,85 w1th th; schedul'mg of charging agd d}scharg.lng of BESS
13 12:00 1647 2141.04 851.02 which is shown in Table 6 by considering 4 different cases
14 13:00  -1335.44 2360.57 91874 as follows:
15 14:00 -1257.39 2292.40 1052.53
16 15:00 -770 2069.20 676.17 Case 1 Distribution without modification.
17 16:00 -670.4 1499.31 656.72
18 17:00 1003.25 2576.00 960.38 Case 2 PV integrated with distribution system.
19 18:00 2227 3365.81 1045.80
20 19:00 2549 3917.66 1239.91 Case 3 BESS integrated with distribution system without
21 20:00 2400 3568.41 1064.63 PV.
22 21:00 1687.48 2905.31 1153.15
23 22:00 853.27 2122.75 1243.75 . T
ot 2300 0 1141.88 1141.88 Case 4 PV and BESS coordinated in distribution system.

loading demand deviation is maximum, but it is interesting

Fig. 7 Energy status of three

In the first case, there is no PV or BESS is connected in the
radial distribution system and the peak demand & demand

BESS with only nominal loading.
Subplot 1: Energy status of BESS
1, Subplot 2: Energy status of
BESS 2, Subplot 3: Energy status
of BESS 3
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Fig. 8 Energy status of three
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Table 6 The optimal dispatch of PV and BESS with different cases
S. No. Particulars Peak Demand Percentage Peak ~ Min. bus Volt- Max. bus Volt- Demand Reverse
(kW) Reduction age (p.u.) age (p.u.) Deviations Energy
(%) (kW) flow due to
PV (kWh)
1 DNS without modification 3917 - 0.9131 1 909 -
2 PV integrated with DNS 3917 - 0.9131 1.01 1437 4267
3 BESS integrated DNS without 2342 40.20 0.91 1 55.4 0
PV
4 PV and BESS coordinated with 1243 64.15 0.95 1.001 177 0
DNS
Fig. 9 Mean voltage profile con- 11—
sidering different cases 0.995
0.99 [
- 0985
=
g, 098
e’
po97s-
<
= 097
=
> 065}
0.96 | ——NL
—=—NL+PV
0.955| ——NL+PV+BESS
0.95 L —NL+BESS 1 1 1 1 1
o 5 10 15 20 25 30

deviation is observed 3917 kW & 909 kW respectively.
There is no reverse power flow occurs while this case is ana-
lyzed. In the second case, PV is connected at bus 14, 24 & 30
with capacity of 753 kW, 1099 kW & 1071 kW respectively.
There is no change in peak demand, but demand deviation
is increased to 1437 kW and there occurs the reverse power
flow of 4267 kW in the system which increases the maxi-
mum bus voltage to 1.01 p.u. In third case, only BESS is
analyzed without the PV integration, BESS is connected at
same bus where PV is connected with the capacity of 5000
kWh at each bus. For this case, the peak demand reduced to

Nodes

2342 kW which is 40.20%. The demand deviation is reduced
to 55.4 kW and there will no reverse power flow occurred in
the system keeping the voltages of the bus in limit. In fourth
case, PV and BESS are coordinated with the distribution
system which reduces the peak demand by 64.15% keeping
the node voltages of the bus in limit and the demand devia-
tion is controlled at 177 kW while there will be no reverse
power flow occurred in the system. The mean voltage and
grid demand profile considering different cases are shown in
Figs. 9 and 10, respectively.
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Conclusion

The renewable energy resources and BESS are some mod-
ern flexible technologies which are playing a key role to
enhance the performance of the distribution system. There-
fore, coordination of such flexible technologies is very
important to make the most out of it and restrain the negative
effect on the results. As per the author’s best knowledge this
problem of coordination of uncertain PVs and BESS as per
the reverse power flow perspective with GWO algorithm is
not addressed in present literature. In this paper, a two-step
approach is proposed to reduce demand deviation and make
the voltage fluctuations within the allowable limit by the use
of penalty function with GWO algorithm for IEEE 33 bus
radial distribution system. PV absorption sensitivity analy-
sis for different loading is investigated. The flow of reverse
power and demand deviation is affected by the coordination
ofuncertain PV, and BESS with different loading. For nomi-
nal loading, peak demand is decreased by 64.15% while PV
and BESS are coordinated in the distribution system. In case
of coordinated operation of PV and BESS, demand devia-
tion is also reduced to 177 kW compare to 909 kW when
there is no PV and BESS are integrated.

Data availability The datasets associated with the current study will be
available from the authors on request.
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