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Abstract—Microgrids rely on energy management levels
to optimally schedule their components. Conventionally, the
research in this field has been focused on the optimal
formulation of the generation or the demand side man-
agement separately without considering real case scenarios
and validated only by simulation. This paper presents the
power scheduling of a real site microgrid under a price-
based demand response program defined in Shanghai, China
managing generation and demand simultaneously. The pro-
posed optimization problem aims to minimize operating cost
by managing renewable energy sources as well as shiftable
loads considering the preferred time of use. The proposal
has been tested experimentally in a laboratory prototype.

I. INTRODUCTION

Microgrids require coordinating their distributed
power generation to supply the local demand [1]. In
this way, microgrids contain energy management levels
that define the operating conditions of the distributed
units. In operation level, the management is in charge
of optimally assigning references for the Distributed
Energy Resources (DER). In the case of grid-connected
microgrids, the energy surplus can be harnessed either
by selling it or by including Energy Storage Systems
(ESS) for energy arbitrage [2].

On the other hand, demand response (DR) programs
have been recently defined in smart grid in order to
provide flexibility in the management of loads [3]. In
the specific case of microgrids, demand side manage-
ment can be performed, while price-based programs are
used as exogenous information. One kind of price-based
DR is the Time of Use (ToU) program that persuades
users to change their consumption behavior by means
of establishing variable tariffs along the day. In this case,
the electricity tariffs are usually released in advance and
kept unchanged for a long time period [3].

Optimal management of microgrids is an active re-
search field, mainly focused on the formulation of the

optimization problem [4], [5], [6], [7]. These formulations
have been defined as linear and nonlinear models [5],
but the nonlinear models do not ensure global optimal
solutions [8]. Moreover, many papers have focused their
contribution on developing generation side or demand
side management separately, such as [3], [9], [10]. Be-
sides, some other studies have already considered en-
ergy and demand, simultaneously. For instance, [11] uses
Demand Side Management (DSM) approach that does
not consider the duration and preferences of the users.
However, most of these works are validated only by sim-
ulations and do not consider physical limitations as the
case of [12] that presents a proposal of the management
of loads and controllable generation but does not address
the likely fact of having a surplus of RES energy.

This paper presents the modeling and experimental
validation of an optimization problem that aims to min-
imize operating costs and maximize revenues in a DR
scheme settled in Shanghai, including the management
of controllable loads. The grid-connected microgrid is
composed of 6 strings of photovoltaic (PV), 2 Wind Tur-
bines (WT), one battery bank, a variable non-sheddable
load and a resistive sheddable load. In this work, the
optimization problem has been modeled as a Mixed
Integer Linear Programming (MILP) considering the op-
eration mode of DERs, as well as, a real case of ToU
demand response scheme and the obtainable revenue
due to subsidies for PV generation. The proposed op-
timization problem aims to minimize the cost of buying
energy from the main grid and maximize the profits from
the subsidies given to the PV energy generation while
preserving the lifetime of the ESS based on batteries by
avoiding overcharge and deep discharge cycles. Also, it
is including the fact that the WT generation only can be
used locally. Accordingly, the sheddable load is shifted
to the most convenient time, fulfilling the requirements



of duration and time preferences. The proposal has been
tested experimentally in a laboratory prototype of the
real hybrid microgrid site located in Shanghai, China.

II. MICROGRID DESCRIPTION

The system is a 200 kW PV-wind-battery microgrid
connected to the main grid that supplies two kinds of
loads, one variable non-shedding load (0-4 kW) and one
shedding resistive load (8 kW). The DERs inverters op-
erate in current-controlled mode as grid-following units,
while the main grid regulates the voltage and frequency
conditions at the point of common coupling [13]. The
microgrid is composed of six PV strings that follow a
local Maximum Power Point Tracking (MPPT) algorithm.
Also, it includes two wind generators that can receive
power references provided by the Energy Management
System (EMS) to curtail part of the available energy
[1]. The WT generation is not traded since this is not
subsided. Additionally, the microgrid has a battery bank
of 50 kWh. For charging and discharging, a two-stage
procedure is implemented [14]. In the first stage (limited
power charge), the ESS is charged following the power
reference defined by the EMS, taking into account power
ratings of the ESS. The second stage (constant voltage
charge) is activated once the battery voltage reaches a
threshold value when the ESS is considered full-charged.
In this stage, the controller keeps constant the battery
voltage [1], [14], [15].

The microgrid is installed in Shanghai, China. In this
region, the local government has formulated additional
policies in order to encourage PV implementation, which
is deployed by means of subsidies for the PV generation
[16]. Therefore, the price of PV generation is composed
of the basic tariff plus subsidies from the State and also
from each local region. In this way, the PV generation in
Shanghai is paid around 1.147 (Yuan/kWh).

Moreover, cities in China have different retail electric-
ity rate structures [16]. In Shanghai, the electricity price
is established based on a ToU scheme defined in three
stages depending on the amount of energy consumption
[17]. In this paper, only stage 1 is used since it is settled
for consumption between 0 to 3120 kWh, which contains
the total load of the case study. The tariffs of Stage 1 are
set to 0.617 (Yuan/kWh) during the day (from 6:00 to
18:00) and 0.307 (Yuan/kWh) during the night.

In this context, the generation provided by WT can
only be used for local demand while most of the PV
generation should be injected into the grid. Accordingly,
the battery and the shedding loads are scheduled to be
used at the most beneficial hours of the day to maximize
the revenue for the owner of the microgrid.

III. OPTIMIZATION PROBLEM

The proposed mathematical model aims to minimize
operating costs and maximize revenues of the microgrid
by managing the ESS power, the curtailment of the WT,

and shifting a load that should operate during preferred
hours established by the user.

Table I summarizes some relevant parameters used in
the model. The values are presented in per unit (p.u.)
using a base of 136.08 kW, which is the power rating of
the PV generation.

A. Mathematical Formulation

The problem has been formulated as a MILP, repre-
sented in discrete time t with intervals of At =1 h and
with T = 24 h as the time horizon [18]. The software
GAMS has been used to solve the optimization problem
by setting the solver CPLEX. The model uses real and bi-
nary variables, x and z respectively, considering average
values at each time interval, as,

pbuy(t)

se (t) Zgrid(t)

x(t) = ;wfz/lu(t) ,o2(t) = Z’””d(t)t (1)
at(t) ZloadON( )
ch(t) Zloudon(t)

where py,,(t) and pg(t) are the power absorbed and
injected from/to the main grid, respectively; put (t) is
the power reference for controlling the WT generation;
Prat (1) is the power reference for the usage of the battery;
soc(t) is the State of Charge (SoC) of the battery; zg,;4(t)
is the status of the grid, i.e. injecting or absorbing power;
Zoad(t) is the binary variable that establishes if the
shiftable load is connected; and zjoa4,,,, (t) and zjouq,,, (£)
are auxiliary binary variables to include the additional
constraints related to the load. The variables used in the
mathematical formulation are presented in lower-case in
order to recognize them easily. It is worth to point out
that the controllable renewable resources are the wind
turbines, while the PV generators are always working
by following an MPPT.

The optimization problem minimizes the cost of buy-
ing energy from the utility grid and maximizes the
revenue obtained by selling energy generated from the
PVs while avoiding deep discharges of the battery [19].
This last condition also makes the surplus renewable
energy to be stored rather than curtailed. Accordingly,
the objective function has been defined as,

T

T
Y- { by () % 84} 5 Couy (1) = 1 {pan(®) <84} + Con (1

t=1
T
S0Cypax — soc(t)
* t; { 100% @

where Cp,,(t) is the energy tariff of buying electricity
with different prices during the day and the night as
mentioned before; Cg,(t) is the elementary cost of sell-
ing energy to the utility according to the tariffs settled
in [17]; SoCyax is the maximum SoC of the battery; and
X is a penalty cost to the battery and has been set as ten



Table I: Parameters of the model

Name Description Value

T Number of time slots 24 (h)

At Duration of interval 1 (h)

n; Number of PV arrays 1

nj Number of WT 1
Ceet (t) Cost of selling energy 1.147 (Yuan/kWh)
Cpuy (t) Cost of buying energy (night) 0.307 (Yuan/kWh)

Cost of buying energy (day)

0.617 (Yuan/kWh)

Py, (i, 1) Max power for PV arrays 1 (p.u.)
Pty o F) Max WT power Vj 0.073 (p.u.)
Pr(t) Power required by the load 0.157 (p.u.)
Poatiar Maximum power of battery 0.3 (p.u.)
Prat,;, Minimum power of battery -0.3 (p.u.)
Fidax Max. power absorbed from utility 1 (pu.)
S0Chax Maximum SoC 100 (%)
S0Cin Minimum SoC 50 (%)
SoC(0) Initial Condition of SoC 100 (%)
Cappar Capacity of the battery 0.372 p.u.h.
X Penalty cost to the battery Cpuy (t) * 0.1(Yuan/kWh)
duration Duration of the controllable load 3 (h)
tstart Preferred start time for using controllable load 6 (h.)
tstop Preferred stop time for using controllable load 20 (h.)

times smaller than Cy,,(t) in order to assign less weight
to this constraint as in [20], [19].

In this way, the first two terms in (2) fulfill the require-
ments of the optimization problem for the considered
time horizon while the third term is included to store
the surplus energy in the ESS [19].

On the other hand, the problem is constrained in order
to get feasible solutions. First of all, the optimization
problem has to consider the energy balance, that can be
written as,

{pbuy(t) * At — e (1) * At} + Ppar (1) * At+

1 1
; PPVmax(i) (t) * At + 21 th(f) (t) * At+ (3)
i= j=

= Pr(t) * At + PP s At s z004(t),  VE

where vamx(_) (t) is the expected profile of the power

generated by the n; PV arrays, P (t) is the power profile
of the non-shedding load and P/"™ is the power of the
shedding load.

The boundaries related to the power of WTs and the
utility can be defined as,

0 < putg)(t) < Pwr,y, , (0, VE] 4)

0< pbuy(t) < Poridyy * Zgrid(t)th ®)

0 < puan(t) < Ty Povie, (6) = (1= 2grua(1)) Vit (6)

where Py, (t) is the expected power profile of the
WTs and Pgg,,, is the maximum power that can be
absorbed from the grid. By means of (6), the power sold
by the microgrid is limited to be lower than the power

produced by the PV arrays at every time t. It is worth
emphasizing that only the power generated by PVs can
be traded whereas WT power and ESS should be used
locally.

Related to the battery, the following constraints have
been defined,

_ pbat(t) * AT

soc(t) = soc(t—1) , Vi (7)

Cap
Pbatmm < pbat(t) < Pbatmax’ vt (8)
S0Cpin < soc(t) < SoCpax, Vi 9)

where Cap is the nominal capacity defined in kWh,
Py, and Py, - are the limits of charging and discharg-
ing power given by the battery manufacturer, and SoC,;;,
is the minimum SoC of the battery, defined to avoid fast
degradation [14].

Related to the shiftable load, the binary variable
Z1oad () is defined to schedule its status. As a require-
ment, the load should work for the duration = 3 h,
between [tsiart = 8 : 00, tstop = 20 : 00].

In order to include these constraints in the for-
mulation, the auxiliary binary variables zjy44,, () and
Zjoadopy () are also defined. These variables establish
when the shiftable load is started and stopped, respec-
tively, as shown in Fig. 1.

Accordingly, zjea4,, () is equal to zero until the load
is used and, after that, the value is set to one. Likewise,
Zjoadops () is zero until the load is off, when its value
changed to one. Mathematically, it can be written as,

Zload oy (t)r vt (10)
Zloadopp (t)/ Vt (11)

Zloadon (t + 1) 2
Zloﬂdopp(t + ]') 2
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Figure 2: Schematic and experimental setup implementation of the laboratory-scale microgrid.

In this way, zj,4(t) can be defined as the difference
between zjo44,,, (t) and zjgaq,,, (), namely,

Zload(t) = ZloadON(t) — Zloadprp (t), vt (12)

As mentioned before, the shiftable load should be used
uninterruptedly during the specific time duration. This
constraint can be written as,

T
Y Zipaa(t) * At = duration
t=1
Additionally, the use of shiftable load should be used
in the interval [tstart, tstop], which defined the preferences
of the user. In this way, the auxiliary variables of the load
must also fulfil the constraints,
T

(13)

E (1 — ZloadON(t)) * At Z tstart (14)
t=1

T

Z (1 - Zloﬂdopp(t)) * At > Estop (15)
t=1

IV. RESULTS

In order to verify experimentally the performance of
the proposed optimization problem, a laboratory-scaled

microgrid is experimentally implemented based on the
microgrid described in section II in the Microgrid Lab-
oratory of Aalborg University [21], as shown in Fig. 2.
The microgrid has a physical connection of the inverters
with the main grid and a resistive load, which is the
sheddable load. A Real-Time (RT) platform is used to
include the controllers of the inverters, the aggregated
PV and WT generation profiles, the non-sheddable load
profile and a dynamic battery model. The local con-
trollers developed in [22] have been used in this test.

A. Scheduling Results

Preliminary results are obtained by using expected
generation and consumption profiles of a particular day
presented in Fig. 3(a), and setting the initial condition of
the SoC of the battery to SoC(0) = 100%. The results are
presented in per unit (p.u.).

The outputs of the scheduling sent to the controllers
of the microgrid are the profiles of the controllable load
(Fig. 3(b)), WT power (dash line labelled as WT reference
in Fig. 3(c)), and battery power (Fig. 3(e)). Consequently,
the microgrid is planned to exchange energy with the
main grid as shown in Fig. 3(d) (dash line), where
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Figure 3: Scheduling results for the selected day: (a) Input generation and demand power profiles, (b) Scheduled shifting of
controllable load, (c) Available and scheduled reference of WT power, (d) Available PV power and scheduled power of the grid,
(e) scheduled battery power profile, and (f) scheduled SoC of the battery.

positive values represent power injection to the main
grid. As can be seen from Fig. 3(d), the microgrid
just absorbed energy from the utility at the beginning
of the day (1:00 to 8:00) and from 17:00 to 18:00. In
the first lapse, the demand and the cost of absorbing
energy from the grid (due to the ToU tariff) are low.
Meanwhile, in the second case, the SoC of the battery is
very low (SoC = SoCy,;;, = 50% in Fig. 3(f)) and the RES
generation is not enough to supply the load, thus the
battery power is scheduled to be charged from the grid
to balance the load and RES generation during the next
two hours. On the other hand, from Fig. 3(d), is possible
to see that most of the energy obtained from PVs is sent
to the utility, maximizing the revenue. Additionally, the
WT energy surplus at the end of the day (after 20:00) is
used by storing it in the battery.

B. Experimental Results

The experiments are conducted by using the outputs
of the scheduling process along with the generation
and demand profiles in the real-time platform of the
experimental setup of the microgrid. Namely, in Fig. 4(a)
are presented the power profile of the non-controllable
load, as well as the scheduled WT power. The PV power
profiles are presented in Fig. 4(c) and the scheduled
battery profiles are shown in Fig. 4(b). The controllable
load is used as the scheduled in the previous section.

The values are presented in kW as used in the laboratory,
with a base of 2.2 kW.

As a result, the power of the grid and the SoC of the
battery are obtained and presented in Fig. 4(c) and Fig.
4(d), respectively. Comparing the results of scheduling
process (Fig. 3) with the experimental (Fig. 4), it is
possible to infer that the energy exchanged between the
microgrid and the utility can be managed by scheduling
DER/loads in order to maximize the profit for the user.
In turn, the behavior of the SoC battery can be estimated
even by using a linear optimization model that does not
consider the fast dynamics of the batteries and the lower
controllers of the microgrid.

V. CONCLUSION

An optimization model for a real grid-connected hy-
brid microgrid under a price-based demand program
used in Shanghai and its performance has been defined
and experimentally verified in a laboratory scale micro-
grid. The proposed formulation is a complete mathemat-
ical model that includes generation and demand side
management in a real price-based DR. The optimization
problem minimizes the cost of buying energy from the
utility grid, maximizes the revenue obtained by selling
energy generated by the PVs and optimally shifts the
controllable loads. This model can be easily modified
for different amounts of DERs and different time use
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preferences of the controllable loads. The optimization
model is suitable for scheduling the power references
and predicting accurately the behavior of the SoC in the
battery as well as estimating the energy absorbed from
the main grid. As future work, it is relevant to consider
the impact of managing the operation of the microgrid
over the distribution network in order to assess the
feasibility of spreading out their implementation.
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