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Abstract — Due to environmentally and economically advantages, high deployment of renewable energy
sources (RES) such as wind or photovoltaic (PV) units in Microgrids (MG) has been increasing in recent
decades. On the other hand, random and uncertain nature of the RES poses a challenge to Microgrid
operators (MGO) for energy and reserve scheduling considering reliability constraints. To address this
problem, a novel probabilistic energy and reserve scheduling method is proposed in this paper. The
proposed method maximizes the Microgrid net benefit and reliability so that the optimal requirement
reserve is determined by a tradeoff between reliability and economics.

Keywords: Microgrids, renewable energy sources (RES), energy and reserve scheduling, expected energy
not supplied (EENS).

INTRODUCTION

Increasing deployment of renewable energy sources
in Microgrids implies that MGOs will need to handle the
random and uncertain nature of RESs like wind and PV in
order to continuously preserve the supply-demand balance
[1]. Microgrid, as a low voltage small distribution
network illustrated in Fig. 1, integrating renewable and
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conventional energy sources, energy storage and loads in
order to local production of electricity as well selling
power back to the upstream network [2]. Energy and
reserve scheduling of a MG has substantial differences
from the large power system due to the flexibility and
usability of MGs depend on their composition [4]. The
MGs energy scheduling, including renewable generation
in a MG, have been studied in many works [5-7].
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Figure 1. Microgrids [3]

scheduling of MG but uncertainties of renewable energy
sources is ignored. In study of Xiong Wu et al. [6], a
hierarchical framework for MGs energy scheduling is

In study of Foo Eddy et al. [5], a multi-agent based
system for coordination of MG is proposed. Although the
developed multi-agent system ensures proper operation
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proposed. The upper level the MG operation cost is
minimize while the lower level combines scheduling of
renewable energy sources and energy storage unit in order
to minimize uncertainties of power generation of RESS.
However, reliability constraints are not investigated by
authors. In study of Duong Nguyen et al. [7], an optimal
stochastic day-ahead energy scheduling framework of
MGs has been proposed incorporating the uncertainties of
renewable energy sources. However, procurement reserve
for satisfying wind and PV power uncertainties has not
been taken into account within the proposed stochastic
day-ahead MG scheduling.

The study of Khodaei [8], explores resiliency-
oriented MGs optimal scheduling problem. The proposed
model minimizes the load shedding by optimally MG
scheduling when supply of power from the upstream
network is disconnected for a specific period of time.
However, uncertainties of renewable energy sources are
not included in the proposed model. In study of Cecati at
al. [9], a combined operation of renewable energy sources
and responsive loads is optimized in the MGs. By
combining supply and demand scheduling, it permits a
better use of renewable energy sources and a decrease in
the payment cost of responsive loads. Islanded MGs
scheduling model including renewable energy sources and
battery storage unit is proposed in [10]. In this regard, the
MG operation cost including battery life loss cost,
operation and maintenance cost, fuel cost, and
environmental cost is minimized. In study of Duong
Nguyen [11], an optimal bidding strategy for MGs is
presented. The proposed method enables MGO to
determine optimal day-ahead hourly bids that maximize
the MG profit by a risk constrained stochastic
programming approach.

To the best of our knowledge, no probabilistic energy
and reserve scheduling method in Microgrids with high
deployment of renewable sources considering reliability
constraints has been reported in the papers. Accordingly,
this paper address this issue by proposing a probabilistic
approach for energy and reserve scheduling of Microgrids
in which reliability constraints are taken into account.

The remaining paper is organized as follows. The
uncertainties of wind, PV and Microgrid demand are
described in section ‘Uncertainties modeling’.  The
proposed method is introduced in section ‘energy and
reserve scheduling °. A case study is examined in section
‘simulation results’. Conclusion section is explained in
section ‘Conclusion’.

MATERIAL AND METHODS

UNCETAINTIES MODELING

The random output power of renewable energy
sources such as wind and PV units is caused a significant
uncertainty into MG scheduling. As well, the load
forecasting uncertainty at the MG level is high [12]. In

this section, the uncertainty of wind power, PV power and
load is modeled.

A. Load Demand

The MG load demand forecasting uncertainty can be
obtained from historical data set. According to power
system, a normal distribution probability as shown in Fig.
2 with a large standard deviation is used [7].
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Fig. 2 — Probabilistic Load Model

B. Wind Power

The probability density function of wind speed which
is modeled by the Weibull distribution [2] is shown in
Fig. 3 and given by:

f(v)=(k/o)W/c) e ™ O<v<ow 1)

Where, 77, k& and ¢ represent wind speed, shape and
scale factor respectively.
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Fig. 3 — Wind speed probability Model

The power generation of the wind unit can be
calculated by:

0 for v<v, and v>v, )
w=qw, (v=v)/(v,-v;)  forv <v<y,
w, for v, <v<vy,

Where, 174, ¥, and 1 are cut-in, cut-out and rated
speed of wind turbine, respectively. Also, w. is rated
power of wind turbine.
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C. PV Power

The probability density function of solar irradiance
which is modeled by the bimodal distribution [11] is
shown in Fig. 4 and given by:

f(g) =k /c)(g/c)" el 3

+1-w)(k, 1¢,)(g/c,) e,

Where, g and tw are solar irradiation and weight
factor, respectively, &4 and &; are shape factors, ¢; and ¢

are scale factors.
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Fig. 4 — Solar irradiance probability Model
The power generation of the PV unit can be calculated
by:
p= UPVSPV g (4)
Where, p is PV power generation, 5¥Vand # are PV
total area and efficacy, respectively.

D. Scenario Generation

Monte Carlo sampling method [11] is used to sample
day-ahead load demand, wind speed and solar irradiance
according to  their  aforementioned  probability
distributions. Then wind and PV power generation can be
calculated using equations (2) and (4), respectively.

ENERGY AND RESERVE SCHEDULING
In this section, the mathematical formulation of the
proposed method is described.

A. Objective function and constraints
The objective of proposed method is to maximize the
total benefit of the MG:

max {izl: MP(t) x P,

o1 il
T )
_ZZ[ai'Ui,t +bi'Pi,t +SC; x Kj,

t=1 i=1

T |
-3 3 q, xR, ~EENS XVOLL}

t=1 i=1
Where, MP(t} is wholesale market price, F; and U; .
are power generation and status of unit ¢ during period £,
respectively. a;, B; and 5C; are cost coefficients and start-

up cost of unit i, respectively. g;; and R; ; are reserve cost
and its value related to unit i, respectively. Reliability cost
is equal to expected energy not supplied (EENS) caused
by load demand, wind and PV power uncertainties and
value of loss of load (VOLL) is taken into account.

The constraints of proposed model are depicted as
follow:

e  Load balance constraint

iPﬁP{D Vt=1..T Q)

Where, PF is forecasted MG load demand during
period £.

e  Reliability constraint

LOLR, < LOLR™ (1)

Where, LOLP is probability of loss of load caused by
load demand, wind and PV power uncertainties.

e  Reserve constraint

Ri,t S PimaXUi,l - Pi‘t (8)

{R. <U, R®

Where, R} is ramp up rate of unit i during period t.
In addition, each unit is subject to its own operating
limits, which consist of the maximum and minimum unit
limits, minimum up and down time limits and ramp up
and ramp down limits [9].

B. Reliability formulations
The mathematical formulation of LOLP and EENS are
presented as bellow:
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t

N 1N
LOLR = z plo pn‘tbr?,t+zz pil,[ pn,tbll,n,l (10)
n=1

i=1 n=1
| I N
1D IDIP I N
i=1 j>i n=1
Where, k, 1 and [ are numbers of load demand, wind
speed and solar irradiance generated scenarios in Monte
Carlo method, respectively.

o
N

=1

APkV}f = %[ fiWT (ViT:St) - fiWT (Vis:(t:en )i| (11)
Apmp.:, _ gl: fin (giffst)_ fin (gis,ten )J (12)
ARY =R%-RY (13)

Where, load demand, wind speed and solar irradiance
scenarios are ¢, v{1*" and git™" , respectively.

kit

. [t it AR"T +APP + AR —R >0 (14)
0 otherwise.

The p?, »: and pi;care forced outage probabilities
[13] of zeros, one and two units, respectively.
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[ :H(l—UiUM) (15)
P =uy,, ll_l_(l_ujui‘l) (19

P, =UuuU, U, ll"[ (1-uy,,) an

k=L k#, ]

Where, u; is forced outage rate (FOR) of unit i.
RESULTS

In this section, the proposed model is implemented on
the MG as illustrated in Fig. 5. Hourly load, wind speed
as well wind turbine, solar irradiation as well PV array
and price data are drive from [2].

Technical and economic data of units was taken from
works of Chen at al. [3]. Reserve cost and FOR let fix and
equal to 0.04 $/kWh and 0.006, respectively, while VOLL

is set to be 1000 $/kWh.
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Energy scheduling of MG units is shown in Fig. 6. As
shown in Fig. 6, in the hours with high wholesale price
MGO using local units’ energy production and sell back

extra energy to upstream grid. The profit of MGO is 189 $
in this case.
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Figure 6. Energy scheduling of MG units

Reserve scheduling and available reserve of MG is
illustrated in Fig. 7. As shown, with increasing energy
production of RESs and load demand of MG, requirement

reserve of MG is grown while available reserve of MG is
reduced.
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Figure 7. Reserve scheduling and available reserve of
MG

Loss of load probability is presented in Fig. 8. As
depicted, with increasing energy production of RESs and
load demand of MG, uncertainty is grown. In this case
study LOLP™* is set to be 0.005.
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Figure 8. Loss of load probability

Reserve scheduling of MG with different FOR is
shown in Fig. 9. As shown, with increasing of FOR,
forced outage rate of units is grown and as a result
requirement reserve of MGO is exceeded.
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Figure 9. Reserve scheduling for different FOR
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Reserve scheduling of MG with different wind
penetration is shown in Fig. 10. As illustrated, with
increasing energy production of wind unit, uncertainty is
grown and as a result requirement reserve of MGO is
exceeded.
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Figure 10. Reserve scheduling for different wind
penetration

Reserve scheduling of MG with different VOLL is
shown in Fig. 11. As shown, with increasing VOLL, cost
of MGO caused by load shedding is grown and as a result
requirement reserve of MGO is exceeded.
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Figure 11. Reserve scheduling for different VOLL
DISCUSSION

Microgrids provide various benefits for consumers in
terms of reliability and economy. However, the economic
benefits of MG should be studied to justify high
penetration of renewable resources while considering
reliability constraints in the scheduling process. Specific
features of proposed energy and reserve scheduling of
MG are listed as follows:

1-  Considering reliability constraints in energy and
reserve scheduling of MG.

2-  Proposed a unified and mixed integer linear
mathematical formulation for modeling the problem.

3- A comprehensive uncertainty modeling using
Monte Carlo simulation technic.

4- Doing a sensitivity analysis for evaluating
reliability parameters.

CONCLUSION

In this paper, a probabilistic method for energy and
reserve scheduling of MG is proposed. Effeteness of the
proposed method is demonstrated by implemented on the
MG and simulation results are analyzed. The results show
that the MG profit is maximized while reliability
constraints are met.
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