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Abstract—This paper presents a scholastic model for energy
management of smart microgrids with demand response (DR)
considering demand and supply uncertainties. In this model,
responsive loads are modeled by using price elasticity of
demand concept and with the aim of minimizing the
consumption cost of customers. In the proposed program, the
operator tries to schedule energy resources optimally by
considering islanding events of microgrids, that may occur due
to upstream network disturbances. Therefore, in addition to
uncertainties caused by load forecasting, renewable power
generation and electricity prices, uncertainties caused by the
prediction error of microgrid islanding events are also
considered. The proposed approach is implemented using
existing commercial software on a typical microgrid and the
effects of DR programs on system operation via sensitive
analyses. The results show that, when customers participate in
DR programs, the amount of mandatory load shedding at
islanding duration of microgrid reduces, and the expected
profit of operator increases.
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NOMENCLATURE

Indices and sets

t,h, Nr Time intervals.

s, Ns Scenarios.

i, Ng DGs.

Jj, Ny Load groups.

w, Nw Wind turbines.

v, Ny Photovoltaic units.
nr Bus number.

At time 7 in scenario s.

('):,l,s
(')min ’ ()max

Parameters and constants

Minimum (Maximum) value of parameter (.)

G ( Bl) Conductance (Susceptance) of line /.

Cl; Coi Factors of operating cost function of DG unit i.

pint Initial values of demand of load ; at time ¢ and
d scenario s (kW).

pint Initial values of electricity price ($).
J.t

D-D,R? Demand of load j after implementing DR
e programs (kW).

pUp ( pDn) Bid of up (down)-spinning reserve submitted by
ot At DG unit  at time 7 ($/kWh).
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Bid of up (down)-spinning reserve submitted by
loads j at time ¢ ($/kWh).
Energy price offered to customers ($/kWh).

Bid of energy submitted by owner of wind
turbines w ($/kWh).

Bid of energy submitted by owner of solar unit
v ($/kWh).

Bid of non-spinning reserve submitted by DG
unit  at time ¢ ($/MWh).

Demand elasticity of customer ;.

Value of lost load ($/MWh).
Occurrence probability of normal scenario s.
Occurrence probability of islanding scenario @ .

Start-up (Shut-down) cost of DG unit i ($).

Active (reactive) power (kW).

Active (reactive) power of load shedding of j®
group of customers (kW).

Reserve up/down service provided by DG unit i
(KW).

Reserve up/down service
customers in group j (kW).
Non-spinning reserve provided by DG unit i
(kW).

Reserve up/down deployed by DG unit i (kWh).

provided by

Reserve up/down deployed by customers j
(kWh).
Non-spinning employed by DG unit i (kWh).

Active (reactive) power of load shedding (kW).

Active power flowing between bus n and r
(kW).

Reactive power flowing between bus » and r
(kVar).
Voltage magnitude (angle) at bus 7.

Commitment status of DG unit i, {0, 1}.

Start-up (shut-down) indicator of DG i, {0, 1}.
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I. INTRODUCTION

Microgrids, as an important part of a smart grid, are
highly regarded for providing local loads during upstream
disturbances events [1], [2]. A microgrid usually consists of
distributed generation resources (including scheduled several
distributed generation (DG) and renewable energy resources
(RES:s)), responsive loads and energy storage systems (ESSs),
which can operate in connected or islanded mode [3]-[5]. In
the new smart structure, end-users are able to adjust their
consumption by participating in demand response (DR)
programs [6]. The problem of microgrid scheduling,
especially in the presence of renewable resources and
participation of end-users in DR programs was paid attention
by many researchers [1], [2].

One of the main ability of microgrids is their islanding
capability, that they are able to supply local loads without
main grid. The islanding events of microgrids usually occur
due to upstream network disturbances or faults [7], [8].
Practically, the occurrence time of islanding durations are
completely uncertain and must be estimated using appropriate
stochastic methods [9]. This, together with the uncertainties
of RESs and random behavior of customers, makes the
scheduling problem of microgrids more complex, especially
when islanding events are considered.

In [10], an optimization model has been presented to
include customer approval in energy scheduling programs.
Moreover, in [11], a reliability-constrained problem was
provided with DR actions. A stochastic scheduling model of
smart distribution systems was suggested in [12]. In an
islanded microgrid that is faced by uncertainties of both RESs
and loads, the participation of responsive loads can play a
significant role in its reliable operation. In [13], a model is
presented for minimizing the load curtailment of microgrids.
Both normal and islanded operations are modeled as mixed
integer linear programming (MILP) problems.

In [14] and [15] two stochastic scheduling methods has
been presented for energy management of microgrids, in
which the optimal operation of microgrids in islanded modes
have been addressed by considering active participation of
customers in DR programs. However, in that works, the
effects of load uncertainties on the results of the proposed
programs have not been studied.

Authors in [16] have proposed methods with the aim of
maximizing the economic benefits while DR participants
have been considered. In those references, the impact of
different DR programs on micro-network security along with
economic indicators is investigated.

In addition, authors in [17] have proposed risk-based
models for scheduling of autonomous microgrids considering
DR actions.

In that work, although the uncertainties of renewable
resources, loads and prices have been modeled based on a
scenario-based method, the uncertainty of islanding duration
of microgrid has not been considered. In [18], a stochastic
framework is proposed to minimize load shedding in islanded
mode followed by a disturbance event. Although, uncertainty
of RESs and loads are considered in that study, the
uncertainties of islanding duration are neglected.

This paper presents a stochastic framework for joint
energy and reserve scheduling of microgrids considering DR
actions and islanding duration uncertainties. The objective is
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to minimize the expected profit of the microgrid operator
over the estimated islanding events. The impact of islanding
events on the microgrid scheduling is investigated and
different terms are compared in normal and emergency
operation cases.

II. ENERGY MANAGEMENT STRATEGY

In the proposed energy management strategy, at first, the
amount of RESs output power, load demand and islanding
durations of microgrid are estimated and their uncertainties
are obtained by using scenario-based approach, such as
Monte Carlo simulation (MCS) method. Then, the operator
schedules available resources using stochastic optimization
model to maximize its expected profit by taking into account
the technical constraints in both operating modes.

It should be noted that, scheduling of the microgrid
during the islanded mode affects the state of microgrid
operation in the connected mode. Therefore, in the proposed
model, the microgrid is scheduled for 24-hours a day by
considering probability of islanding events at each period.

By considering islanding duration scenarios together with
normal ones, the number of scenarios increases drastically,
which complicates the optimization. Therefore, scenario
reduction techniques are used to reduce the number of
scenarios and reduce the time to solve the program [19].

III. PROBLEM FORMULATION

A. Model of DR

In this study, the concept of elasticity [20] is used to
model the responsive loads. The benefit of customer j after
participation in the DR program can be obtained as follow
[16]:

SO =BDF)-DI pj.s €]

JstsS oS JstsS

where, S(DP®) and B(DP®) represent benefit and

Jt,s Jtss
income of customer j at period ¢ after implementing DR
programs.

To achieve maximum profit, the derivative of the profit
function must be equal to zero.

Therefore, it can be written as:

OS(DJ) o BBDR) o
oD 7, oD 7y, s

The utility of customers ; is attained as [20]:

A Pt PR DDR 0
B(DDR) — Bl}ll + st .{J»Y % ( _/.,t,s ) it _ 1 3
A S T v

Differentiating (3) with respect to D_/[-? ,Rs gives:

aB(DJD,t],?v) _ p}r,]tt % (Djl?tlfv )(E/;,f] “1le
AR AT
int DR DR )
Pii-Dirs j\-l 1 D (E/)'-1
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1+ (E,’,) D_]-J D_]-J

Substituting (4) into (2) yields:
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Finally, after mathematical operations and simplification,
the complete model of responsive loads is obtained as follows
[21]:

int

p_]t 1 ]
1+(Ei{h)*‘

DPR =D exp ZEJ oy In[ (7)

h=l1 Pjhs

B. Model of the Uncertainties

Uncertainties of wind and solar units’ output power,
electricity price and load demand are extracted based on the
wind speed, solar irradiation, electricity price and load
forecast errors, respectively. In this regard, related probability
density functions (PDFs) are obtained. Forecasting errors of
solar power, price and load are modelled using a normal PDF
[22]. Weibull PDF is used to model wind power production
[17]. Moreover, to model the probability of microgrid
islanding durations, normal PDF is used as shown in Fig. 1,
which is approximated by seven discrete segments with
different probabilities.

102417
. 0606'

Probability Density Function

0.0062

5 25 <5 o 5
Forecasted Error
Fig. 1 Normal PDF for prediction islanding errors.
Forecasting error of the islanding durations

( Fy (h)) is modelled using a normal PDF, which is shown in
(8) [20].

1 )20 )
o

Ey(h)=

where 4 indicates the mean of time duration in which

islanding events occur and o shows indicates standard
deviation of time duration. Using the MCS method, a set of
random numbers between zero and one for each time (in this
study per hour) is generated, which illustrates a scenario for
the occurrence of microgrid islanding events.

C. Objective Function

The objective of the proposed model is the maximization
of the expected profit of the microgrid operator, which is
obtained by revenue from purchasing electricity energy
minus various operating costs of resources, as provided in (8)
and (9):
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In the above equation, the first line represents the revenue
of selling energy to the customers and the second line
indicates the cost of DG units and their start-up and shut-
down costs. The third and fourth lines implies the cost of
reserve services deployed by DG units and responsive loads,
respectively. Line 5 states the cost of purchasing energy from
renewable wind and solar units. Finally, the line stands for
the cost of expected energy not supplied (EENS) by the
microgrid during scheduling horizon.

D. The Constraints of the Problem

Constraints (10) and (11) impose respectively the active
and the reactive power balance in bus # in each time and
scenario [14].

N,
hed P
E’;) +th.3 _Djnm +L;tes Z.ﬂ(n,r),t,s (10)
r=1
Ny
hed _ 0
Qir,lt,s + Qt}z’,t,s - Q/}'q,t,s + Q;,t,es - Zﬂ(n,r),t,s (1 1)
r=1
flis 718
where, 7 ("6 and 7/ (105 are calculated as follows:
P I (12)
.ﬂ(n,r)l,s = G ( nts 1,5 a)n,r,t,s + 1)
(13)
-ﬂ(gt,r)t,s = ( nit,s s T Oppps t 1)

The constraints related to the power of DG units are
written as follows:

Py < (P™u;, —Rj; (14)
lt—(Pmm 1t+th) (15)

The constraints related to the operation of DGs that are
satisfied in the scheduling problem, is provided by start-up
cost limit (16), shut down cost limit (17), power capacity
limit (18) and ramping up/down limits (19)-(20), [16].

SUC;, 2CU;(u;, —u;,) (16)
SDC;, 2 CD;(u;,y —u;,) a7
quzts—pztsspluzts (18)

pi,t,.\‘ - pi,f—l,s < RUz (l - yi,f,s ) + _iyi,t,s (19)
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The constraints of up, down, non-spinning reserves are
represented as follows:

it,s

0<r,, <R, (21)
0<r) <R (22)
0<riS <RY (23)

Moreover, the constraints of up and down-spinning
reserves deployed by responsive loads are written as:

0<r{, <R, (24)
0<r“_R (25)

IV. CASE STUDY AND NUMERICAL RESULTS

A. Case Study Description
Mam—Grld
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Fig. 2. Scheme of the test microgrid.

Fig. 2 shows one-line diagram of a grid-connected
microgrid, which can disconnect via a static switch. Hourly
forecasted power of wind and solar units, energy prices, as
well as demand loads during the scheduling horizon are given
in Table I, [17]. Four DG units are installed in the microgrid,
that their related data is given in Table II, [17], [23]. The
proposed model is implemented for energy management of
the microgrid when encounters an islanding event. The
impact of customers' participation in the real-time price-based
DR programs is also investigated.

To solve a stochastic optimization problem, a scenario
tree is subsequently built based on the generated scenarios of
all stochastic variables [24]. To reduce the computational
burden, K-means procedure [25] is applied. The proposed
optimization problem is solved using the CPLEX commercial
solver of GAMS software [26].

B. Results and Discussions

In this section, the results of optimization problem are
obtained for two cases including both normal and emergency
operations.

In the normal operation case, no islanding events occur
and the microgrid always is connected to the main grid. In the
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emergency operation case, the microgrid is often connected
but it enters to islanding mode when islanding events occur.
The optimal results of the scheduling for two mentioned
cases are presented in Table II1.

As observed in case of normal operation, total costs of the
microgrid including total operating costs of DGs, total costs
of deploying reserves and also total costs of EENS are lower
than that of their associated values in case of emergency
operation. Because, when islanding duration happens, the
microgrid is not able to trade energy with the main grid and
therefore, it should supply its local loads by expensive local
DG units, specifically during peak hours.

In addition, results show the execution of more
mandatory load shedding in emergency operation case, and
so total cost of EENS increases in this case. Therefore, the
expected profit of the operator decreases significantly, when
islanding events is considered in the scheduling process.
However, the commitment of expensive DGs as well as the
amount of mandatory load shedding decrease, and thus, the
expected profit increases when DR is implemented.

Table IV illustrates the amount of total reserve deployed
by microgrid resources with and without DR in the two cases.
It is observed that total reserve in case of emergency
operation is higher than that of in normal operation.

TABLE I. HOURLY FORECASTED DEMAND LOADS, POWER OF WIND AND
SOLAR UNITS AND ENERGY PRICE

Wind Solar .
Hours Load power power Energy price
(kW) (kW) (kW) ($/kWh)

1 280 87 0 0.217
2 272 64 0 0.218
3 264 64 0 0.214
4 268 60 0 0.211
5 296 80 0 0.215
6 345 82 0 0.232
7 380 85 0.28 0.236
8 435 92 1.2 0.233
9 488 95 5 0.239
10 545 85 14 0.237
11 579 86 32 0.251
12 614 93 35 0.253
13 620 97 44.5 0.254
14 585 89 48 0.257
15 540 93 52 0.259
16 500 85 56 0.239
17 490 82 46 0.239
18 510 80 34 0.238
19 570 82 18 0.239
20 626 85 6 0.298
21 634 81 2 0.313
22 594 70 0 0.294
23 500 67 0 0.259
24 380 72 0 0.252

TABLE II. TECHNICAL SPECIFICATIONS OF THE SIMULATED MICROGRID

INSTALLED DGS
DG || e Cri Cyi SucC SDC
mit | W) | kW) ($/kWh) $) %) %)
MT, 25 150 1.8506 0.0447 0.09 0.08
MT: 25 150 1.8506 0.1257 0.09 0.08
FCi 20 100 3.5518 0.0414 0.16 0.09
FCy 20 100 3.5518 0.1424 0.16 0.09
GE 35 150 3.1200 0.0742 0.12 0.08
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Moreover, in case of with DR, a main part of reserve
services is provided by the responsive loads. It should be
explained that when microgrid operates in islanded mode,
DG units must generate more energy during peak periods,
and therefore, the amount of reserve allocated by such
resources is more expensive at that periods, and thus, more
reserve is allocated by DR.

TABLE III. OPTIMAL RESULTS OBTAINED IN DIFFERENT OPERATION

CONDITION
Operation State l(aiXprZCgf Cost of Cost of Cost of
condition of DR IZ$) DGs ($) | reserve ($) | EENS ($)
no
444 1985 390 37
Normal DR
operation with
DR 584 1713 337 2
DR 421 2030 417 342
Emergency
operation with
DR 557 1812 387 112

TABLE IV. TOTAL SPINNING RESERVE ALLOCATED BY DGS AND DR FOR

24H
State Upward | Downward | Upward | Downward
Operation of reserve reserve
condition DR of DGs reserve of of DR reserve of
(kWh) DGs (kWh) | (kwh) DR (kWh)
no
1057 1710 0 0
Normal DR
operation i
P "]V)lgl 1033 1713 171 1148
no
1165 1849 0 0
Emergency DR
operation i
"]V)‘gl 1102 | 1576 187 1141

It should be noted that, when DR allocate up-spinning
reserve, it means that responsive loads are able to reduce their
consumption if needed to meet the technical constraints of the
system.

Conversely, when DR allocates down-spinning reserve, it
means that customers should be able to use more loads if
needed and increase their consumption to consume additional
energy and maintain power balance.

The operational cost of DGs in different levels of DR
participants is shown in Fig. 3. As can be observed, with
increasing DR participants, the operation cost of DGs reduces
significantly in the two cases because operation of costly DG
units mitigates. When islanding events are considered and the
main grid is not accessible for some times, the operation cost
of DGs augments.

Fig. 4 shows more detail about deployed reserve of DG
and DR resources in different levels of DR participants for
cases of normal and emergency operations. As can be
observed, by increasing DR participants, responsive loads can
provide more reserve and as the result, the reserve provided
by DG units decreases in both cases.
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Fig. 3. Total operation cost of DG units versus DR participation in case of
normal and emergency operations.
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Moreover, when emergency operation is considered in the
scheduling, the total deployed reserve increases since the
microgrid encounters with more uncertainties in islanding
duration. Also, DR provides more reserve during islanding
periods when reserve allocated by DG units is costly.

V. CONCLUSIONS

In this paper, a stochastic model was presented for
scheduling of microgrid considering uncertainty of islanding
events. In addition to the uncertainty of islanding duration,
the uncertainties associated with demand, RESs power and
electricity prices are modeled by using MCS and scenario
reduction methods. Numerical results in normal and
considering emergency operation were compared in both
cases with and without applying DR programs. The impact of
consideration islanding events as well as the effect of DR on
the expected profit, optimal energy and storage and the
amount of EENS was investigated. The results showed that
involvement of the customers in DR brings higher profit and
lower EENS in both operation conditions, while EENS
decreases when islanding events are considered in the
scheduling process.
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