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Synergistic Day-Ahead Scheduling Framework
for Smart Distribution Grid Under Uncertainty

Kasi Vemalaiah

Abstract—Under the smart grid environment, implemen-
tation of load management programs, integration of ac-
tive elements, and associated uncertainties have increased
the complexity in operation and management of the ex-
isting distribution networks many folds as before. There-
fore, for optimal operation of such a complicated distribu-
tion network, this article proposes a synergistic day-ahead
scheduling scheme emphasizing the combined impact of
network reconfiguration, active elements, and demand re-
sponse. Minimizing the overall cost associated with the
operation and management of distribution system, the for-
mulation is proposed as a mixed-integer second-order cone
programming problem. This formulation captures the exact
characteristics of power flow in network and ensures its
fast convergence to global optima. Further, the Benders
decomposition method is employed to deal with computa-
tional complexities in achieving a solution. Test results on a
modified IEEE 33-bus network show notable enhancement
in the techno-economic performance of the network.

Index Terms—Energy management, network reconfigura-
tion, smart distribution grid (SDG), stochastic convex pro-
gramming, synergistic day-ahead scheduling (SDAS), un-
certainty.

NOMENCLATURE

Indices and Sets

T/Q Set of time intervals/scenarios.
®/PP/@SS  Set of network/load/sub station buses.
OBS/PSCB Set of buses coupled with BESS/SCB.
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®PV/®WT  Set of buses coupled with PVG/WTG.

o’ Set of buses connected to ith bus.

i, ] Index for the bus.

ij,1 Index for the branch.

t,w Index for time, scenario.

Parameters

of /B Shape parameters corresponding beta PDF.
nH /nb1s Charging/discharging efficiency of ith

SL,UP ;, SL,DN
Ky /K

M?,t/az'g,t

Tw
CSW
cS

CBS /C.SCB

ceL

K3

SL,UP SL,DN
G

SS SS
Ct,w/'k;q

BS BS
Ei,min 7,max

Iij,max

NSCB_/gSCB

4,max 4,max

CSW
N 77,max

pss

i,min

/P

%, max
LD SL
]Di,t /@i,t
PV WT
‘Pi,t /Pi,t
CAP g
Pi,t /Pi,t
f)ij,max/Qij,max

SS / SS

4,min 7,max

SCB / SCB
Qi,step/pi,init

BESS.

Fraction of load forecast at ¢th SL available
for load shifting (up/down).
Mean/Standard deviation value of ith
PVG/WTG at tth time interval.

Probability of scenario w.

Operational and maintenance cost of 7jth
CSW.

Operational and maintenance cost of ¢th
BESS/SCB.

Cost of energy not served in ith CL.

Cost of incentive provided for up/down of
consumption in ¢th SL.

Price of active power purchased from the
upper grid and its corresponding reactive
component.

Lower and upper energy capacity bounds
for the +th BESS.

The upper current restriction for the ijth
line.

Highest allowable count of daily switching
operations/the number of available banks
for the ith SCB.

Highest allowable count of daily switching
operations for the 7jth CSW.

Active power bounds of sub-station (upper
grid).

Forecast of demand/ power factor angle of
1th SL.

Forecast of ith PVG/WTG.
Capacity/Forecast of ith PVG/WTG.
Active/Reactive power bounds of ¢5th line.
Reactive power bounds of substation (upper
grid).

Step size/initial step of ¢th SCB.
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Tij /x; J Resistance/reactance of ¢jth line.

Sfrsn ax Apparent power rating of ¢th BESS.

Vi max/ Vi min Bounds of voltage of ith bus.

Variables

5852” Binary variable of ¢jth line, equals 1 if
bus j is a parent of bus i else equals 0.

YR /e Charging/discharging state of the ith

BESS.

fyZSSB ury StCB PN Up/down status of ith SCB.

SL UP , SL,DN
’71 t /’7

CSW, UP/ CSW,DN

Up/down position of ith SL.
Up/down position of ith CSW.

i7,t 17,t
pSeP Step status of ith SCB.
lCtSW Binary variable of ijth line, is equal to
7 1 if the line is linked else equal to O.
P t w/ Ql fw Active/reactive power injection from ¢th
CL.
fw /@3 o Active/reactive powers of substation.

P53 QB3 /S
CH DIS
Pi,t /Pi,t

SL,UP ; HSL,DN
PSR ES]

Active/reactive power injection and en-
ergy state of 7th BESS.
Charge/discharge active power of ith
BESS.

Up/down status of active power from ith
SL.

P /Q5% Active/reactive power injection from ith
SL.

Pij,t,w [ Qijitw Active/reactive power of 7jth line.

Q5P Reactive power of ith SCB.

SL JUP ; ~SL,DN
/ Q5

Up/down status of reactive power from

ith SL.
Voltage magnitude/Phase angle of ith
bus in the system.

‘/i,t,w/gi,t,w

[. INTRODUCTION

OWER distribution networks across the globe are being
P transformed from passive to active networks adapting the
concept of smart grid. This transformation includes the integra-
tion of active elements with diverse characteristics within the
existing distribution networks. Some notable active elements
are distributed generators (DGs), battery energy storage sys-
tems (BESSs), switchable capacitor banks (SCBs), schedulable
loads (SLs), curtailable loads (CLs), and controllable switches
(CSWs) [1]. To realize the concept of a smart distribution grid
(SDQG), these active elements are linked to an intelligent distri-
bution management system (DMS) through advanced integrated
information and communication technology [1]. To achieve a
secure and efficient operation of SDGs, the distribution network
operator (DNO) performs day-ahead scheduling (DAS) to de-
termine the dispatch strategies for integrated active elements as
a part of DMS. Despite offering several benefits to both utilities
and consumers, the DAS of SDGs becomes more intricate due
to the simultaneous interaction of multiple issues, such as tech-
nological advancements, diversity of active elements, augmen-
tation of new and flexible programs/policies, and intermittent
generation from renewable DGs [2]. An extensive amount of

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS

work on the DAS of SDGs has been reported in the literature,
which is categorized on the basis of problem formulation, con-
sideration of the uncertainties, employment of active elements,
constituents of the objective function, and solution techniques.

The problem of DAS of SDGs has been formulated as the
nonlinear programming (NLP) problem [1], [15], [17], [18],
mixed-integer nonlinear programming (MINLP) problem [5],
[6], mixed-integer linear programming (MILP) problem [3],
[10], [12], [16], [19], [20], and mixed-integer second-order cone
programming (MISOCP) problem [4], [7], [8], [13], [21], [22],
[23]. Among various formulations, NLP and MINLP problem
formulations are nonconvex, and hence, do not have a theoretical
guarantee of global solution [24]. To deal with the nonconvexity
of problem formulation, the linear approximation of the power
flow has been used to make the DAS formulation as a convex
MILP problem [3], [10], [12], [16], [19], [20]. However, linear
approximation does not account for the exact line losses, and
hence, provides an approximate solution. On the other hand, it
has been proven that second-order cone programming (SOCP)
relaxations always lead to a global optimum if the conic inequal-
ity constraint is exact [24]. Further, for the radial configuration of
SDG, the conic constraints are always exact [24]. By imposing
additional variables, the SOCP-based power flow can also be
linearized without compromising accuracy. However, due to
additional variables, the linear SOCP formulation requires more
computational time [25].

Another important aspect of the DAS of SDGs is the con-
sideration of the uncertainties associated with electricity price,
load demand, and renewable generation. Therefore, to deal
with uncertainties in the DAS framework, robust optimization
model [8], stochastic programming model [4], [5], [7], [9],
and hybrid stochastic/robust optimization model [10], [23] have
been developed. The estimation of the uncertainty interval for
a robust optimization model is itself a challenging task [26].
On the other hand, the stochastic programming models impose
many variables and constraints into the optimization problem
and hence, are difficult to solve, particularly for large systems,
with available commercial solvers [27], [28].

Among various active elements, BESS has been considered in
all the reported works dealing with the DAS of SDGs. However,
only in [4], [7], [16], and [20], the reactive power from BESS has
been taken into account. Apart from BESS, SCB has been con-
sidered in [4], [7], [8], and [9]. The concept of demand response
(DR) under DAS framework has been explored in [5], [11],
[12], and [29]. However, the coverage of DR in [11], [12], and
[29] is restricted only to house level. The nonlinear constraints
related to SDG in [5] do not converge to a global solution. In [1],
[3], [15], [16], [23], [30], and [31], the network reconfiguration
(NR) has also been considered in the DAS formulation. Being a
highly combinatorial problem, the NR requires a large amount
of computational time and resources to solve [32].

Among the components of the objective function of DAS
formulation, the cost of energy from the main grid has been
a common component. In addition to grid energy cost, the
works presented in [3], [S], [6], [7], [13], [14], [15], and
[23] include active element management (AEM) costs in the
objective function. The AEM cost reflects the expenses related
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TABLE |
TAXONOMY OF THE LITERATURE SURVEY

Ref. BESS SCB SL CL NR Formulation ~ Uncertainty ~AEM Costs Solver/Technique
[31/ [4] v XIv X X VIX MILP/MISOCP  X/v VIX GAMS-CPLEX
[51/ [6] v X vIX X X MINLP v v KNITRO/NAA

[71/ [8] v v X X X MISOCP v vIX GAMS/MATLAB
[91/ [10] v vIX X VIX X MISOCP/MILP v X GUROBI/CPLEX
[11]/ [12] v X v v X NLP/MILP v X Diagonalization/CPLEX
[13]/ [14] v X XIv X X MISOCP X v YALMIP-GUROBI
[15]/ [16] v X VIX v NLP/MILP VIX VIX SAMCSA/GAMS
Proposed v v v v v MISOCP v v Benders decomposition

(GAMS-CPLEX)

to the operation and maintenance of various active elements.
While considering the AEM cost of BESSs, the cost associated
with their charging/discharging losses is not considered in the
model.

To solve the formulation for DAS for SDGs, a num-
ber of techniques/commercial solvers have been used such
as genetic algorithm (GA) [1], self-adaptive modified crow
search algorithm (SAMCSA) [15], chaotic binary parti-
cle swarm optimization [18], natural aggression algorithm
(NAA) [6], GAMS-KNITRO [5], GAMS-CPLEX [3], [4],
[10], Python-CPLEX [12], GAMS-GUROBI [7], [9], YALMIP-
GURORBI [13], [14], Diagnolization method [11], etc. Among
various techniques, meta-heuristic approaches provide a near-
global solution and do not guarantee a global solution [33].
Further, depending upon the nature of the problem and its
dimensional, the available commercial solvers may also fail to
converge [27], [28], [32].

Based on the abovementioned literature review on the DAS
of SDG, it is observed that no work is available on the develop-
ment of a synergistic day-ahead scheduling (SDAS) framework
for SDGs. Therefore, this article proposes a stochastic SDAS
framework for SDGs comprising DGs, BESSs, SCBs, SLs, CLs,
and CSWs. A taxonomy is provided in Table I to compare the
available literature with the proposed work. The key contribu-
tions made through this article are as follows.

1) The developed formulation takes into account DR, NR,
active and reactive power contribution from BESSs, and
reactive power contribution from SCBs in a synergistic
manner, which has not been attempted so far to the best
of the authors’ knowledge.

2) The developed formulation considers the operational
and maintenance costs of BESSs, SCBs, and CSWs;
and incentives for SLs and CLs as AEM cost. The
cost of charging/discharging losses inside the BESS is
also considered here, which has been ignored so far.
Thus, closely modeling the operation of an SDG, the
proposed SDAS framework gives more realistic fig-
ures about operating cost and corresponding benefits to
DNOs.

3) The proposed model is formulated as a stochastic op-
timization problem to consider the uncertainties in re-
newable generation, load demand, and price of electricity
from the main grid. In stochastic optimization problems,
the number of decision variables and constraints varies
exponentially with the number of scenarios of uncertain

parameters [4], [7], [26]. This requires a huge com-
putational burden. Therefore, Monte-Carlo simulation
(MCS) followed by a k-means clustering approach [34] is
adopted in this article to reduce the computational efforts
without compromising much with the accuracy of the
solution.

4) The proposed formulation is a convex MISOCP optimiza-
tion model, which extracts the exact power flow character-
istics of SDG and always ensures convergence to a global
optimum [24]. However, the stochastic nature of the
proposed problem increases its dimension by imposing
many additional variables and constraints into it. Also, the
consideration of NR under the SDAS framework makes
the overall formulation a highly combinatorial problem.
Due to these reasons, available commercial solvers either
require large computational resources or may not be able
to solve the developed formulation [27], [28], [32]. There-
fore, to address the limitation of commercial solvers, the
proposed formulation is developed as a two-stage SDAS
problem. Further, it uses a Benders decomposition-based
solution technique to reduce computation time and ensure
its convergence.

The proposed framework is tested on a modified IEEE 33-bus
distribution network to show its effectiveness in six different
cases, applying both deterministic and stochastic approaches.
For each case, the results of the proposed MISOCP model
have been compared with those of the MILP model [25]. A
k means clustering-based scenario reduction technique shows
a significant improvement in the computational time and the
Benders decomposition-based solution technique ensures the
convergence of the proposed model. Also, the results of pro-
posed SDAS scheme are compared with those of similar ex-
isting works for validation. The proposed SDAS framework
demonstrates a notable improvement in economic and tech-
nical performance of SDG. The sensitivity of total operat-
ing cost with respect to capacity of active elements is also
analyzed.

The rest of this article is organized as follows. Sec-
tion I overviews the proposed SDAS framework and out-
lines the uncertainty characterization. The formulation of the
scheduling problem is detailed in Section III. The applica-
tion of Benders decomposition is covered in Section IV.
Section V discusses the test system and the analysis of
simulation outcomes. Finally, Section VI concludes this
article.
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Fig. 1. Proposed synergistic day-ahead scheduling framework.

[I. PROPOSED SDAS AND UNCERTAINTY
CHARACTERIZATION

A. Proposed SDAS Framework

Assuming that DNO owns and controls all active elements,
the concept of the proposed SDAS for the economic operation
of the SDG is illustrated in Fig. 1. The photovoltaic generation
(PVG) and wind-turbine generation (WTG) are considered as the
DGs. The SDAS strives to achieve the best possible day-ahead
dispatch of active elements in SDG. Its inputs are forecasts
of load demand, electricity price, PVG, and WTG. Numerous
conventional regression approaches and data-driven machine
learning algorithms are available for forecasting [35], which is
outside the focus of this work. In addition to predicting load,
generation, and price, the DMS considers the status of its active
elements via corresponding distribution remote terminal units,
and a range of technical and operational restrictions. The DMS
executes SDAS and transmits dispatch schedules to its active
ingredients through communication to operate SDGs safely and
efficiently.

B. Uncertainty Characterization

In this article, the stochastic variation of forecast of PVG and
WTG is assumed to follow a two-parameter Beta probability
distribution function (PDF) as [4]

g

i,t(x) = g% (1 - x)(ﬁﬁﬁl) 0
0%, =02 (P%/PAP) 4021 =0245, +021  (2)

g, is the normalized value of P, with respect to PCAP and
of, can be estimated from (2). Once 4, and o/, are known,
the shape parameters of Beta PDF can be estimated from the

following relations [4]:

1 2 3 1
of = [0 - )] -+
)t (o_lg’t)Z (,U ’t) ('u ﬂf) Mit
Et = (U:“it - 1) O‘zg,t' 4

Further, the uncertainty in the forecast of load demand and
electricity price is assumed to follow a normal PDF with y; ¢ as
the mean value and o, ; as the standard deviation of load/price
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forecast [6]

fyi. ()

2
(x - Mi,t) 1 _ (5)

1
= ————exp |—
27r0127t P [ 27702'2,t
To reflect the uncertainty in the proposed SDAS framework,
an MCS is conducted using the corresponding PDFs to generate
a large number of scenarios for all uncertain parameters. As the
number of scenarios in the SDAS model increases, it poses com-
putational challenges making convergence difficult. To address
this, a machine learning-based k-means clustering approach [34]
is employed in this work to split the given set of scenarios into k
clusters based on the Euclidean distance without compromising
the quality of the solution.

[ll. PROBLEM FORMULATION
A. Objective Function

The proposed SDAS scheme aims to minimize the overall
day-ahead operational cost (power purchasing and AEM costs)
incurred in SDG. It is formulated as a two-stage stochastic
programming problem [36]. In the first stage, the decisions
regarding BESS, SCB, SL, and CSW, which must not change
before identifying the actual realization of the stochastic process,
are taken. In the second stage, the decisions regarding load
shedding in CL and power flow, which can vary after identifying
the actual realization of the stochastic process, are taken.

mlDF — FSS + FSCB 4 FBS + FCSW 4 FSL 4 FCL (6)
P T 3 SO A (P 4T
wes 1€ PSS teT
(7
JSCB Z Z [CiSCB (%SSB UP ,yiSfB,DN)} )
1€ PSCB teT
5= Y Y ar [C?SPEE
icPBS teT
s (B T nca-@)| o
weN
FSL — Z ZAt {CiSL,UPPiS;,UP + CiSL,DNPiS,},DN}
ic®SL teT
(10)
FU=> "7, ) > [Cstatp,] (11)
weQ  jedCL teT
FCSW _ Z Z {Ccsw ( Z(;StW,UP _'_%(;’StW,DN)} .
ije®CSW teT
(12)

The total day-ahead operational cost of SDG, F', as given in
(6), consists of the cost of power purchase from the upper grid
and AEM cost. FSS represents the expected cost of active and
reactive energy purchased from the upper grid [7]. FS5® and
FCSW are the costs associated with the operation and mainte-
nance of SCB and CSW, respectively. F'®S represents the costs of
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operation and maintenance of BESS including its losses during
the discharging [37]. F'F denotes the total incentives paid to SLs
for shifting their consumption from one-time interval to another.
FCL indicates the expected cost of energy not served to CLs.

B. Constraints

1) Battery Energy Storage System:

Y4+ AP8 <1Vt Vie ®BS (13)
PBtS — P7DIS PCH BS
VtVie ® 14

(PBS)? + (QBS)? < (S35, (9
EP. = EX + At P

— Aty PP vt Vie % (15)
0.< PO <A fIsBS,
0< PDIS < fyPISSfIS;MX Vit Vi € ®BS. (16)
EBS,, < BB < BB

Equation (13) governs the charging or discharging of the
BESS within the time interval ¢. The convex quadratic con-
straints linked to the active and reactive power of the BESS
are expressed by (14). The energy state of BESS is reflected
through the utilization of (15). The operational boundaries that
the BESS must adhere to are outlined in (16).

2) Switchable Capacitor Bank:

SCB,UP

ot +P PPN <1 v Vi e 5P (17)
SCB,UP SCB,DN

SO AN ) s MR v e 05 (1)
teT

SCB SCB SCB,UP 1,SCB SCB,DN
Pit TP = %SEB vp " SCEDN Vit Vi € &5°B
PGB — 3B, > AP OBUP ¢ A

(19)
Y =m0 Qe Vi &3P, (20)

Equation (17) asserts that at any given time ¢, an SCB cannot
simultaneously increase and decrease reactive power compen-
sation. The cumulative number of SCB switching operations
within a day must not surpass the maximum allowable limit,
as specified in (18). When incorporating switching variables
and the overall bank count, (19) constrains the regulatory range
within which the SCB operates. The cumulative reactive power
contribution from each SCB is indicated in (20).

3) Demand Response: The DR is mainly categorized as
load shifting and load curtailment [11]. The process of shifting a
fraction of the consumption of a given consumer from a one-time
interval to another time interval based on a bilateral contract with
DNO is known as load shifting. Incentives are provided to those
customers who participate in the load shifting. Load curtailment
is known as the process of curtailing a fraction of the consumers’
consumption by paying the cost of energy not served.

a) Shiftable load:

o e <1 vt vie ot 1)

H?L,UPPLD,FORE
0< PSL,DN < PyiS%,DNHiSL,DNR‘LP,FORE
PSL,UP

SL,UP SL,UP
0< P, <7,

SL _ pSL,DN
Pi,t - Pzt

SL,UP SL,UP
Qi =ta (@flz)P
QiSftJ,DN tan(QSL)PSL DN

SL _ »SL,DN SL,UP
it T Qi,t - Qi,t

Vit Vi € oS-

(22)
ZteT (PSL ,UP PsL,DN) —0
S ( SL UP QSL DN) —0

The increase or decrease in SL consumption cannot occur
simultaneously during a given time interval ¢ as given in (21).
The limits on increase or decrease in consumption of SL are
expressed in (22). Equation (23) ensures that the total increase
in consumption of SL should be equal to the total decrease in
consumption of SL over a day, i.e., there is no loss of energy
served to SL.

b) Curtailable load:

Vit Vi € 5L, (23)

O < PCL PLD
Lo T e i e oL it .

0<Q Ltw (24)

ztwf

The bounds on active and reactive power of CLs are provided
in (24), ensuring constant power factor operation.
4) Network Reconfiguration and SOCP-Based Power Flow:

S+ 05 = ¢3Y vt v (25)
Zégstw =1 VtVie oL (26)
jet
D o5 =0 vt Vi e @58 27)
jei
YR L A OSWPN < 1 v i (28)
lCSW lC,tSlVl ,le]?StW ,UP 72815\7\] DN Vt VZJ (29)
3 (ygéw UP yginDN) < NS vt vij (30)
teT
Uitw= Vﬁt,w/\fZ Yt Vi Vw (31)
W, =W o =VitwVjiwcos(Oij
e e T ,( ster) | Vij Ve
sz,t w WJz t,w Vviat;w ‘/j,t,w Sln(aijvtiw)
(32)
2U7.l Uj tw = (W1] t w) (le t w) Vt V’LJ VOJ (33)
0< U0 < (VEum/V2) Y
w = 8 max Yt VI Vw (34)
0< U]ltw — ( jmax/\f) CSW
0< Ui,tw - Uzlt [szmax ( CSW)] /ﬁ
e ) s Vit VI Vw
OSUj’t7w_Ufw—|:‘/]max( It )i|/\/§
(35)
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Z] tw fg’tj 1,t,w — YGij sz t,w b Ww,t,w

Qz],trw = \[blj Ut t,w + b’LJ WL] t,w gl] Wzy,t w
Vt Vij Yw

(36)

?é O if CCSW —
— if CCSW

7

sztquzjtw{ (37)

PSS

i,t,w

WT
Pztw

+ P+ P, + PSH
+ Pl — PP, =Y coi Pijitw

ztw i, tw

ztw Q Q'Ltw Q?}Z+

SCB __ LD _ »
it itw Zjecbi Qw,tw

=V2 (g% +0) (UL, + UL, —
< I Y Vi Yw

Uztw—l/\[ 2 Vie @SS
zmln/\f<U'Ltw_ zmax/\[ 2 Vi€ P
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2
Izytw

Wi 1)
(39)

}‘v’t Yw (40)

VEVij VYo o (41)

(42)

Equations (25)—(27) represent the spanning tree constraints,
which ensure the radial structure of the network [25]. Equa-
tions (28)—(29) represent the time coupling relationship between
spanning tree variables. The maximum daily count of switching
actions on CSWs is constrained by (30). Equations (31)—(33)
provide the expressions and definitions of newly introduced
variables associated with SOCP [25]. The connection between
NR and variables of power flow is given in (34)—(35). Here, the
new variables (U, j ¢ ) are denoted for each separate line.
These variables are set to zero, when (;; CSW — (), and greater than
zero, when (5 CSW — 1. The linear expresswns for the active and
reactive power flow on line 7j for time interval ¢ are provided
in (36), where g;; + jb;; = 1/(ri; + jxi;). The presence of the
line in the network is verified in (37). Power balance expression
for SDG and its connected components are specified in (38). The
square of the line current limit is linearly represented in (39).
Bounds on power flow variables are defined by (40)—(42).

ztw7

[V. SOLUTION TECHNIQUE: BENDERS DECOMPOSITION FOR
SDAS SCHEME

A significant challenge in solving the proposed stochastic
MISOCP-based SDAS model stems from the abundance of conic
ac power flow constraints associated with stochastic scenarios.
The combinatorial nature of the NR problem further increases
the complexity of proposed SDAS scheme while solving it.
Commercial solvers typically struggle to handle such large-scale
stochastic MILP or MISOCP problems. In such cases, Benders
decomposition could be useful to obtain the solution [28]. It
partitions the initial problem into a master problem and multiple
subproblems, which are solved iteratively to achieve the optimal
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solution. A generalized Benders decomposition is presented
in [38], which theoretically proves that it reaches an optimal
solution for mixed-integer conic problems. A bilinear Benders
decomposition has been exploited to solve a stochastic and
chance-constrained MISOCP model for expansion planning of
the distribution network in [27]. Motivated by its practicality in
solving large-scale stochastic MISOCP problems, the Benders
decomposition used in [27] is adopted to solve the proposed
SDAS.

A. Compact Form of Proposed SDAS Framework

Let x; be the variables corresponding to the first stage (day-
ahead) with related parameter matrices (¢, Fy, f, My, m, Ay).
Further, let y; ., be the variables corresponding to the second
stage (operation) in scenario w with related parameter matrices
(91w Etws At Brws liws Hiw, bt o). Here, the matching dual
variables of each constraint in the operation stage are denoted
by a colon.

[PCP PDtIS ,ycgl r}/D{S PBtS QB§ EB? SSB,UP
it oLt Vi s Vit oLt Wiy gy )
vf?B DN S SGB SLUP (SLDN pSLUP pSLDN psi.
SL Uup SL DN CSW UP CSW DN
Q I Q ’ QSLtIa 51CJS72N7 gst“/v /Y'LJ t ny]z t ]
Ytw = [U’ht,wv Wzl}t w? W’LIJ tws Uz'Z,mev U;,]t,wv Pijtw,
Qij»tyw"Pis,?,w’ ztw’PzC%om lC,Itjw}
min ) + T, 43
(2 hive.o} Z( t t) ZZ( wgt,wyt,w) ( )
teT teT we)
S.t. Ftﬂft S ft Vit (44)
> (M) <m (45)
teT
Et7wyt,w = dt7w : )"t7w VYt Vw (46)
At$t + Bt,wyt,w 2 lt,w . gt,w Vt Vw (47)
||Ht,wyt,w|| é ht,wyt,w : (Nt,waat,w) Vt vw' (48)

The objective function including the first and second stage
costs is represented in (43). The constraints related to day-
ahead decision variables are described in (44)—(45); nodal power
balance equations are represented in (46); constraints linking
day-ahead and operation variables are described in (47); and
conic constraints are represented in (48).

B. Subproblem and Master Problem

In this context, the subproblem takes the form of the dual
representation of the second-stage recourse problem within sce-
nario w, given a specific £ derived from the k' iteration.
The optimum objective achieved in the subproblem is employed
to establish an upper limit for the main problem. Within the
second-stage recourse problem, load curtailment is taken into ac-
count but is subjected to a penalty within the objective function.
Consequently, this approach guarantees the strict feasibility of
the second-stage recourse problem, thereby ensuring the strong
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Algorithm 1: Benders Decomposition for MISOCP-Based
Stochastic SDAS.

Input: Network data, scenarios (load, PVG, WTG, and
price),
parameters corresponding to all active elements.
Initialization : LB = —ocoand UB = oo
l:for k € K do
2 Solve M P: obtain #* & V¥
Update LB = V'*
for w € Q2 do
Solve SP,,: obtain JAW
end for
Update UB = min{UB, ci*+p> cqmwlu}
if (V5552 < c) then
9: Stop
10: end if
11: end for
Output: Optimal solution (F ), which is related with U B.

e A A

duality of the MISOCP problem.
SP,: Jo=max Y [&w (lw— A"t hiwdiw]  (49)

teT
S.t. By oAy o+ B oot Hi w0t o+ ptwhe,w=0gt,0 VEVw
(50
||Ut7w” S Mt w Vit Vw (51)
Otw, ttw >0, Ay, 04, unbound. (52)

Let (ét’w,imw, fit,w,Ot) be the optimal solution obtained
from S P,,. Next, the master problem for ¢th iteration is consid-
ered. Bender cuts are the linear function of optimal value from
SP,, in the proposed model.

MP : min Z Ty + p Z TewNw (53)
teT we

S.t. Ftift < ft Vit (54)

Z (Myxy) <m (55)

teT

3 [g;w (o — Agay) + }\;wdt,w} <, 1<v <k Yo
teT
(56)

C. Solution Algorithm

The complete methodology for addressing the two-stage
stochastic MISOCP challenge is outlined in Algorithm 1. Here,
the current lower and upper boundaries are denoted as LB and
U B, respectively, with € representing the optimality criterion
and K representing a set of iterations.

V. CASE STuDY

The proposed SDAS scheme is executed on an Intel(R)
Core(TM) i7-8700 CPU, 3.20 GHz, and 16 GB RAM Windows-
based personal computer and solved using GAMS software

TABLE Il
DETAILS OF ACTIVE ELEMENTS IN IEEE 33-BUS SYSTEM

[[ Element Location Details/Specifications I

PVG  8,20,2530. 0.6 MW.
WTG 18, 33. 0.6 MW.
scp 6141721, QGq = 0.05 MVAL WPCE - =5,
24, 28. NSCE = 5,C5CB = 0.58.
SPRax =O02MVA, EPS -~ =0.45
BESS 5, 15,26,32.  MWh, EPS. = 0.05 MWh, nfH =
1/nP1S = 0.95,CPS = 5$/MW.
3,4,7, 13, KZSL,DN _ HZ_SL,UP —02
Sk ;51 ;gj 2024, PP = oFBPN = sgmw.
CL All buses CCT =5,000 $/MW.
5, 10, 15, 20,
CSW  22,28,31,33, CIW=1,NFIW =5
34, 35, 36, 37.
TABLE 11l
CLASSIFICATION OF CASES
Case SCB BESS SL CL CSW
1 X X X X X
il v v X X X
il v X v v X
v v v v v X
\ X X X X v
VI v v v v v

with the CPLEX solver under default settings. Unless other-
wise stated, the maximum simulation time (7°) is 7,200 s. The
optimality tolerance is set to the default value in GAMS (e =
0.01 %).

The proposed SDAS scheme is tested on an IEEE 33-bus
test distribution network after adding active elements to the
standard network [8]. The essential data related to the 33-bus test
network is obtained from [8]. The data corresponding to different
active elements are provided in Table II. Initially, the CSWs
of lines 33-37 are OFF, and the remaining CSWs are ON. The
day-ahead forecasts of load and electricity price have been ob-
tained from [10]. Similarly, the day-ahead forecasts of PVG and
WTG have been assumed as generation profiles, which are taken
from [39]. The reactive counterpart, kés of upper grid price, is
0.05 [1]. The lower and upper and limits on active/reactive power
from substation (SS) are 0 and 6 MW/MVAr, respectively. The
minimum and maximum voltage limits at each bus are 0.9 pu
and 1.1 pu, respectively.

The proposed SDAS scheme is applied to the test system in
six cases, considering different combinations of active elements
as presented in Table III. For each case, the proposed SDAS
formulation is solved using deterministic as well as stochastic
approaches. In deterministic scheduling, the forecast values are
assumed to be accurate without any error. In stochastic SDAS,
the uncertainties associated with the forecasts of load, electricity
price, and PVG and WTG are accounted for as discussed in Part
B of Section II. The standard deviation of the load and price
forecast is assumed as 5%. A total of 10,000 scenarios have
been generated using MCS utilizing corresponding PDFs of
uncertain variables. The proposed stochastic MISOCP problem
for Case-IV with 10,000 scenarios converges in approximately
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Fig. 2. Error in the objective function and computational time with a

different number of clusters.

TABLE IV
RESULTS ON 33-Bus SYSTEM WITH DETERMINISTIC SDAS
MISOCP Model MILP Model
Case Operational Time (sec.) / Operational Time (sec.) /
cost ($) Gap (%) cost ($) Gap (%)
Without Benders decomposition
1 5,766.57 334 /€ 5,763.99 3378 / €
11 5,226.96 18.15 / € 5,224.39 13598 / €
111 5,180.85 1524 / € 5,178.63 97.62 / €
v 4,997.37 31.82 /¢ 4,995.81 171.52 / €
\Y 5,748.52 T /091 5,738.54 T/ 0.59
VI 5,002.63 T /053 4,989.45 T /032
With Benders decomposition
\Y% 5,725.26 748.89 / € 5,723.60 1,536.03 / €
VI 4,965.97 1,371.78 / € 4,963.07 2,579.41 / €

75 h with an expected cost of $4,999.68, which is impractical for
DAS of a SDG, as the DAS decisions are to be taken on daily
basis. Therefore, for faster convergence, a k-means clustering
algorithm [34] has been used to shrink these 10,000 scenar-
ios. A larger number of clusters increases the computational
complexity, while a smaller number of clusters compromises
the uncertainty representation [40]. Therefore, to reach an opti-
mum number of clusters, the experiment has been conducted
by varying the number of clusters from 5 to 50 in Case-IV
and observing the results in terms of the error in the objective
function and associated computational burden as shown in Fig. 2.
For the computation of error in the objective function, the results
obtained by MCS is taken as the reference. From this figure, it
is observed that the scenario reduction approach significantly
saves computational time without much affecting the accuracy of
results. The scenario reduction using 25 clusters gives a tradeoff
between accuracy in the results as well as computational time.
Hence, in this article, 25 clusters have been used for further
analysis.

The results of deterministic and stochastic SDAS are given
in Table IV and Table V, respectively. Due to inclusion of
uncertainty, the total operational cost by stochastic SDAS is
always less than that by deterministic SDAS and the compu-
tational time by stochastic SDAS is always more than that by
deterministic SDAS. However, the results by deterministic and
stochastic SDAS exhibit a similar variation with respect to the
different cases. Further, in these tables, the results of proposed
MISOCP model have been compared with those by MILP model
for each case. To obtain the MILP model, the conic constraint
(51)is linearized using the polyhedral approximation of feasible
convex region [25]. Though both models result in the approx-
imate same value of total operational cost with deterministic
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TABLE V
RESULTS ON 33-BuUs SYSTEM WITH STOCHASTIC SDAS
MISOCP Model MILP Model
Case Operational Time (sec.) / Operational Time (sec.) /
cost ($) Gap (%) cost () Gap (%)
Without Benders decomposition
1 5,664.32 37.81 /€ 5,661.56 332,67 / €
1I 5,130.35 2,746.71 / € 5,127.89 4,324.61 / €
111 5,128.42 2,167.45 / € 5,125.58 5,096.27 / €
v 4,921.18 3,468.91 / € 4,919.41 6,156.83 / €
\% - T / (N/A) - T / (N/A)
VI - T / (N/A) - T / (N/A)
With Benders decomposition
\Y% 5,562.92 2,264.67 | € 5,560.12 4,426.58 / €
VI 4,834.66 3,378.13 / € 4,830.98 5,978.56 / €

as well as stochastic approaches, their computational efforts
are significantly different. This is because each conic constraint
containing 4 variables in the MISOCP model is linearized using
6 constraints containing 24 variables in the MILP model [25].
Thus, the proposed MISOCP model is found to be computation-
ally efficient than its MILP counterpart.

A. Effectiveness of Benders Decomposition

For both MISOCP and MILP models under deterministic as
well as stochastic SDAS, different cases have been first solved
without Benders decomposition. It is observed from Tables IV
and V that the solver is unable to converge for Case-V and
Case-VI within T'. The reason behind this is the introduction
of extra variables in the SDAS problem due to the combinatorial
nature of the NR. Interestingly, the total number of variables
becomes 13,104 (binary: 4,272, integer: 144, continuous: 8,688)
and 172,080 (binary: 4,272, integer: 144, continuous: 167,664)
in deterministic and stochastic SDAS, respectively. For these
two cases, the problem converges to an optimum value within
T only when Benders decomposition is used. With Benders
decomposition, the deterministic MISOCP model for Cases-V
and VI converges within 748.89 s and 1,371.78 s, respectively.
Similarly, the stochastic MISOCP model for Cases-V and VI
converges within 2,264.67 s and 3,378.13 , respectively, with
Benders decomposition. For the MILP model also, Benders
decomposition is able to converge to an optimum value within
T'. Thus, Benders decomposition helps to solve the proposed
large-scale SDAS.

B. Validation of Proposed SDAS Scheme

To validate the effectiveness of the proposed SDAS scheme,
the results obtained by it have been compared with those by some
of the existing methods reported in the literature. While imple-
menting other methods, the same problem formulations, same
active elements, and same way of handling the uncertainty have
been considered as reported in those methods (Refer Table I).
For the sake of comparison, a common 33-bus test network has
been used for all the methods. The diesel generators used in the
works [16] and [21], are not considered here for the purpose of
comparison. A comparison of results in terms of total operating
cost, daily energy losses, peak demand on SS, and minimum
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TABLE VI 0.5
COMPARATIVE STUDY WITH EXISTING WORKS
= 04 _
Ref. Operational ~ Losses  Peak demand Minimum %« ’ 03 §
cost, F' ($) (MWh) on SS (MVA)  voltage (pu) g =
[21] 5,296.05 1.6369 4.0121 0.9384 £ 11 13 15 18 19 21 23 4 02 g
[16] 5,161.92 1.3480 4.4075 0.9184 g Time (hour) E
[4] 5,145.67 1.5137 4.6281 0.9337 & 0.1
[6] 5,249.24 2.9666 5.6932 0.9029 ——BS3 —e—BS4 0
[30] 5,568.70 2.3546 5.4389 0.9193
Proposed 4,834.66 1.2265 4.5453 0.9423

voltage in the network is shown in Table VI. It is observed from
this table that among different methods, the proposed scheme
results minimum operating cost, minimum daily energy losses,
and maximum improvement in minimum voltage. Also, among
different stochastic formulations [4], [6], [30], the proposed
scheme results minimum peak demand on SS. This is due to the
consideration of diverse active elements in the proposed SDAS
scheme. Thus, the results presented in Table VI validate the
effectiveness of the proposed method over other methods.

C. Analysis With Proposed SDAS Scheme

After validating the proposed scheme, it is used to analyze
the test system with different cases. Table VII compares vari-
ous indices such as various cost components of the objective
function, energy losses, peak load on SS, and minimum voltage
for different cases by proposed stochastic MISOCP formulation.
Among different cases, Case-I (when only DGs are considered
in the network) results in maximum total operational cost, max-
imum energy losses, and maximum peak demand on the SS.
The total operating costs in Case-II and Case-III are close to
each other. Case-VI results in minimum total operational cost,
minimum energy losses, minimum peak demand on the SS, and
maximum improvement in voltage profile. In Case-VI, the total
operational cost is reduced by 14.64%, 5.76%, 5.72%, 1.75%,
and 13.09% as compared to Case-I, Case-II, Case-III, Case-1V,
and Case-V, respectively. Further, in Case-VI, the energy losses
are reduced by 59.01%, 14.45%, 27.44%, 19.25%, and 49.15%,
in comparison to Case-I, Case-II, Case-III, Case-IV, and Case-V,
respectively. Case-VI improves the minimum voltage in the
network to 0.9423 pu. Also, Case-VI results a peak demand
of 4.5453 MVA on the SS, which is also minimum among all
the cases considered. Based on these observations, it can be
concluded that the proposed SDAS scheme (Case-VI) yields
more benefits to the utility in terms of economical operation and
improved system performance.

By the proposed SDAS scheme, the schedules of BESSs for
Case-VI are shown in Fig. 3. In this figure, +ve and —ve values
of active power indicate discharging and charging of BESSs,
respectively. BESSs are discharged and charged during peak
demand and off-peak demand periods, respectively. Total active
participation from SLs in Case-VI is shown in Fig. 4. In this
figure, +ve and —wve values of active power indicate decrement
and increment, respectively, in the load demand of SLs. The load
demand of SLs is reduced and increased during peak demand
and off-peak demand periods, respectively.

Fig. 3. Schedule of active power and energy of BESSs in Case-VI of
stochastic SDAS.
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Sensitivity of total operating cost wrt capacity of active ele-

To check the importance of AEM cost in the proposed for-
mulation, it is excluded from the objective function and the
resultant formulation is solved. The observed techno-economic
performance of the test network is provided in Table VIII. On
comparing the obtained results with Case-VI of Table VII, it is
observed that the results of Case-VI are still better. The overall
cost, losses, and peak demand on SS become more, if AEM
cost is excluded from the objective function. Even though the
total AEM cost constitutes a small portion of the overall cost,
its inclusion in the objective function results a better solution
as seen from Case-VI of Table VII. Thus, it is concluded that
AEM costs should be included in the objective function for better
techno-economic performance of SDG.

D. Sensitivity Analysis

To analyze the impact of variation in capacity of active ele-
ments, namely BESSs, SLs, PVGs, and WTGs, on the overall
operating cost, a sensitivity analysis is also conducted. For this
purpose, the rating of an active element is varied in a step of
25% from 50% to 150%, and corresponding change in overall
operating cost is observed. The 100% capacity, and location
of each element are considered same as provided in Table II.
Fig. 5 shows percentage change in the total operating cost with
respect to (wrt) percentage capacity of active elements. For
computing percentage change in the total operational cost, its
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TABLE VI
VARIOUS INDICES OF 33-Bus NETWORK WITH STOCHASTIC SDAS
Losses Peak demand Minimum
SS BS SCB SL CL CSW
Case F>>($) F°>(¢$) F $ F>~ (¢ F* (¢ F &) F (%) (MWh) on SS (MVA)  voltage (pu)
1 5,664.32 - - - - - 5,664.32 2.9919 5.6931 0.9028
1I 5,098.14 28.71 3.50 - - - 5,130.35 1.4337 4.6307 0.9323
11 5,094.72 - 4.50 29.20 0 - 5,128.42 1.6904 4.6404 0.9267
v 4,859.12 28.69 4.00 29.37 0 — 4,921.18 1.5190 4.5757 0.9336
\Y 5,522.92 - — — - 40 5,562.92 2.4120 5.5243 0.9055
VI 4,750.70 28.78 4.00 29.18 0 22 4,834.66 1.2265 4.5453 0.9423
TABLE VIl
VARIOUS INDICES OF 33-Bus NETWORK WITH STOCHASTIC SDAS EXCLUDING AEM COST IN OBJECTIVE FUNCTION
. SS BS SCB SL cL CSW Losses  Peak demand Minimum
Objective > ($) FP> (§) F $ F>@¢ F*@¢) F ®) F® (MWh) on SS (MVA)  voltage (pu)
S8 4,756.84 28.74 14 32.57 0 32 4,864.15 1.2664 4.7369 0.9389

value, $4,834.66 obtained from Case-VI of Table VII is taken
as the reference. All active elements considered here exhibit a
similar trend of sensitivity of the overall cost wrt the change in
their capacity. The overall cost decreases with increase in the
capacity of active elements and vice-versa. However, PVG and
WTG have more impact on the total cost as compared to BESS
and SL. This is because about 98% share of the total cost is due
to power purchase cost as seen from Case-VI of Table VII. When
the capacity of PVG and WTG is increased, it offsets the energy
purchased from the grid, and thereby, reduces the total cost.
Further, even though the total capacity of PVG is twice that of
WTG as seen from Table I1, their capacity variation shows almost
similar variation in total cost. This is due to nonavailability
of PVG during night time. On the other hand, BESS stores
the energy during off-peak hours and delivers the same during
peak hours as seen from Fig. 3. Thus, it has almost negligible
contribution to change in energy purchased from the grid with its
capacity variation. However, due to different electricity prices
during peak and off-peak hours, it has very small impact on
overall cost as reflected in Fig. 5. If the electricity price was
made flat, the overall cost would no longer be sensitive to the
change in the capacity of BESS. A similar discussion can be also
made for SL based on Fig. 4.

VI. CONCLUSION

This study proposes a stochastic SDAS scheme for SDGs to
operate their active elements, such as BESSs, SCBs, SLs, CLs,
and CSWs, in an optimal manner. For this, a two-stage stochastic
and convex MISOCP optimization problem is formulated which
seeks to minimize the daily operational cost of SDG. The uncer-
tainties in renewable generation, load, and grid electricity price
have been taken into consideration using MCS and a k-means
clustering approach. The proposed SDAS scheme is tested on a
modified IEEE 33-bus SDG to verify its effectiveness under
different cases. It is observed that the available commercial
solvers fail to solve the developed formulation within a given
time. Therefore, Benders decomposition is employed to ob-
tain an optimal solution with reduced computational time. The
results of the proposed SDAS scheme have been compared with
those of similar existing works. The comparison indicates a

significant techno-economic improvement in the overall per-
formance of SDG with the proposed SDAS. Therefore, the
proposed SDAS is proven to be an effective tool for an SDG
regarding techno-economic performance under DMS. Further,
it is a computationally efficient tool. It can be used by DNOs
to determine the dispatch strategies for various active elements
and thereby ensuring an efficient operation of SDGs.
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