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Abstract: This paper proposes an Optimal Power Flow for defining the minimum load to be shed to
maintain the steady-state frequency between allowable limits in islanded microgrids. The droop
coefficients and setpoints (no-load voltage and frequency of each Distributed Generator) are optimized
considering the limits of microgrid frequency, nodal voltages, and power generation (apparent and reactive
powers). The approach is applied to a microgrid of 33 nodes, considering a 24 hours time-horizon. The

found results point to the methodology effectiveness.
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1. INTRODUCTION

Microgrids (MG) has been subject of several works in the
literature in the last years. The MG can be defined as a low-
voltage system composed of controllable (dispatchable, like
diesel generators) and uncontrollable (non-dispatchable, like
wind turbines and photovoltaic systems) Distributed
Generators (DG), storage systems (such as batteries),
controllers, loads, and communication systems. In this context,
MG has become an essential part of Distribution Systems,
comprising a trade-off between reliability, quality and
sustainability in energy supply (Foroutan et al., 2016).

An MG can be operated in two modes: connected to the
upstream grid or in an islanded (isolated) mode. When
connected with the main grid, distributed generators are
operated as generation sources in PQ or PV modes, injecting
power into the system, being the upstream grid responsible for
maintaining the power balance and MG frequency in the face
of load variations (Lopes et al., 2006). In this case,
conventional computational tools can be used for planning the
MG operation, like Power Flow (PF) and Optimal Power Flow
(OPF) based on the use of swing bus (the main grid acts as the
swing node, capable of supply losses and demand variations).
For isolated mode, special attention must be paid due to the
usual DG low-inertia characteristic. Since there is no
distributed generator with capacity (MVA) to perform the
power balance, load variations and losses must be shared
among all units based on the Droop Method (Lopes et al.,
2006). In this case, the MG frequency can not be maintained
at the nominal value and it varies according to the load
variation. DG are connected to MG through power electronics
converters, being the voltage and frequency control forcibly
similar to those performed for synchronous generators at the
main grid (La Gatta et al., 2019).
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Since there is no DG unit to act as a swing bus, computational
tools must take this peculiarity into account. In (La Gatta et al.,
2019), a Newton-Raphson-based approach is proposed to
solve the governor power flow in polar coordinates. In (Alves
et al., 2019), the methodology presented in (La Gatta et al.,
2019) has been solved by using the current injection equations.
In addition, it is essential to assess the static voltage stability,
as it has recently been addressed in (de Nadai Nascimento et
al., 2021).

In planning studies, Optimal Power Flow (OPF) approaches
play an important role, and many methods have been proposed
to solve it since the seventies (Dommel & Tinney, 1968;
Granville, 1994). Again, the absence of the slack node makes
conventional OPF approaches inappropriate for islanded MG.
Therefore, in the last decade, the inclusion of frequency and
voltage droop characteristics of distributed generators into the
OPF has been investigated in the literature (Foroutan et al.,
2016; Hemmatpour et al., 2016; La Gatta et al., 2019; Manna
et al., 2018).

In (Hemmatpour et al., 2016), a Multiobjective Harmony
Search Algorithm is proposed to maximize the MG loadability
and to minimize the system losses through the islanded
reconfiguration. The approach is validated by using the 33 and
69 nodes microgrids. In (Manna et al., 2018), an optimization
technique employing the Artificial Bee Colony Algorithm is
proposed for loss minimization. The droop coefficients of
multiple generators are optimized for a 38-bus microgrid. In
(Foroutan et al., 2016), the Genetic Algorithm and the
Harmony Search Algorithm are hybridized to solve a
multiobjective problem that minimizes fuel consumption costs
and maximizes a voltage stability index. The studies are
performed employing the 33 and 69 nodes islanded microgrid.
Microgrids can operate in the islanded condition all the time
or in a pre-specified period due to large-scale events that
disconnect parts of the system (La Gatta et al., 2019). In the
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latter case, if it is known the period that the system will be
isolated, actions can be planned to minimize the negative
impacts to customers and the grid. In general, the DG units
(controllable or uncontrollable) have not enough capacity to
ensure the operation at the nominal frequency and actions like
load shedding must be carried out to keep the MG frequency
between specified limits (Bakar et al., 2017).

In (La Gatta et al., 2019), an OPF is proposed to define the
minimum amount of load to be shed to maintain the MG
frequency between specified limits. The frequency and voltage
droop of DG units are considered. However, droop coefficients
and setpoints (like no-load voltage and frequency of each DG)
are considered to be known. The methodology is validated for
a 61-bus radial system.

This paper proposes an Optimal Power Flow for defining the
minimum load to be shed to maintain the steady-state
frequency between allowable limits. The generators’ droop
coefficients and setpoints are optimized considering the MG
frequency, nodal voltages, and power generation limits. For
validation, the approach is applied to a microgrid of 33 nodes
(Foroutan et al., 2016) considering a time-horizon 24 hours.

2. PROPOSED APPROACH

2.1 Droop Characteristic

Figure 1 depicts the P — f and Q — V droop characteristics of
a generator. The active and reactive power generations (Pgy
and Qg) can be calculated through the mathematical
expressions presented in equations (1)-(2).

!
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Figure 1. Droop characteristics: (a) P — f droop, (b) Q — V droop
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where fy is the frequency of the MG; V, is the terminal
voltage of the k' generator; f; and V; are the reference of
fuc and Vy at no load, respectively; s,, and s, are the droop
coefficients, respectively.

2.2 Proposed OPF Formulation

Equation (3) brings the general formulation of an OPF, being
x the vector of control and state variables, F(x) is the
objective function, h(x) and g(x) are the sets of equality and
inequality constraints, Ib and ub are the lower and upper
bounds of variables.
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minimize F(g)
h(x)=0
. alx) ®
subject to Q(g) <0
Ib<x=<ub

The objective function F(x) in equation (3) is detailed in
equation (4), which is the sum of total load to be shed: Cj, is
the cost of load to be shed at bus k (in this paper is considered
to be 1 for all loads); « is the percentage of load to be shed at
bus k; P, is the active power load at bus k; Qp is the set of
nodes of the system.

min F = Z Ck.ak.Pdk (4)

keQp

The set of equality constraints in equation (3) is composed of
equations (5)-(10). The active and reactive power balance at
each node k are given in equations (5)-(6): Qg is the reactive
power load at bus k; P, and Q, are the active and reactive
power injections, calculated according to (Gémez-Expésito et
al., 2017). It is important to emphasize that, in this paper, the
voltage and frequency dependence of load is not considered
(Kundur, 1994). The P — f and Q — V droop characteristics
are given in equations (7)-(8), being Q the set of generators.
Equation (9) provides an angular reference for the system (any
node k can be set as the reference one). Finally, equation (10)
expresses the apparent power Sy, as a function of active and
reactive power generations.

Py — (1 —ap)-Pgx — P =0 (k € Qp) ®)

Qo — 1 —ap).Qux — Q=0 (k € Qp) (6)

ng—spik.(f,:—fm) =0 (k€ Q) )
Qur —sqik.(v,: -V)=0 (k€ Q) ®)
6, =0 ©9)

(10)

Sgk — wI(ng)z + (ng)2 =0 (k € Q)

The set of inequality constraints g(x) in (3) is composed of
equations (11) and (12), where gk~ s the maximum
generation apparent power of generator k.

Sgk < Sgi* (k € Q) (11)

Py = 0 (k € Q¢) (12)

Finally, the lower and upper bounds in equation (3) are
detailed in (13)-(20), for the: reactive power generations Q g,
percentage of load to be shed at bus k «;, frequency of the
microgrid fye, nodal voltages V, (including the terminal
voltage of generators), reference frequencies at no-load f;;,
reference voltages at no-load V', P — f droop coefficients s,

and Q — V droop coefficients s,
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Qi < Qg < Qg™ (k € Q) (13)
0<ar<1 (k€ Qp) (14)
fmin < fue < fmax (15)

Vinin < Vie < Vinax (k € Qp) (16)
fi™ s fis fi™ (k€ Qg) 17)
Vpmin <y < VEme (k€ Q) (18)
STt < spp < s (k€ Q) (19)
ST < sqr < s;* (k€ Qg) (20)

It is important to emphasize that the inclusion of the
constraints (17)-(20) in an OPF to define the minimum amount
of load to be shed to maintain the steady-state frequency
between allowable limits is a little contribution of this paper,
in comparison to the approach recently proposed in (La Gatta
etal., 2019).

In (Jithendranath et al., 2021), the droop coefficients are also
considered as optimization variables in a multi-objective
approach (solved the NSGA-I1 and MPSO) that minimizes the
generation costs, pollution emission and voltage deviations.
The proposed methodology was implemented using the solver
fmincon of the optimization toolbox of the MatLab™ platform
(version 2010a) (MathWorks, 2020). This solver is based on
the Interior Point Method (Granville, 1994).

2.3 Time-Horizon

This paper considers that the islanded condition results from a
perturbation, and the microgrid will be connected to the
upstream grid after a known time-horizon (here, 24 hours). In
this case, the base case previously presented in (Baran & Wu,
1989; Foroutan et al., 2016; Hemmatpour et al., 2016) is
subjected to a load curve, and the proposed approach is applied
24 times to define the total amount of load to be shed in each
hour. It is relevant that the proposed approach can be modified
to consider energy storage systems (causing a coupling
between load stages) (Pulendran & Tate, 2017). This is a
feature to be investigated in the future.

3. RESULTS

3.1 System Description

The preliminary results obtained by using the proposed
approach are presented in this section for a 33-bus-islanded
microgrid. The original data at the base case (for power loads
and distribution lines) are available in (Baran & Wu, 1989).
An islanded-microgrid arises from the disconnection between
nodes 33 (substation) and 1, as shown in Figure 2 (node 1 is
taken as the reference one). As considered in (Foroutan et al.,
2016), three controllable (dispatchable, like diesel generators)
DG are available at nodes 21, 24 and 25. The base power and
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the base voltage are 1 MVA and 12.66 kV, respectively. Table
1 brings the data of DG units. The bounds of frequencies,
voltages and droop coefficients are presented in Table 2. These
values were defined accordingly to the literature (Foroutan et
al., 2016; Gupta et al., 2021).

SE 133

12 17
Figure 2. 33-bus-islanded microgrid system

TABLE 1. DATA OF DG UNITS

DG | Nod 59" 7 (M 7M
ode (MVA) Qg"™(Mvar) | Qg***(Mvar)
1 25 3.0 -1.2 1.2
2 21 1.0 -0.6 0.6
3 24 15 -0.9 0.9
TABLE 2. BOUNDS
Variable Lower Upper
fue (H2) 59.8 60.3
Vi (pu) 0.9 1.1
fr (H2) 59.8 60.3
Ve (pu) 0.9 1.1
Spk (pu) 1.0e-5 1.0e-1
Sqx (PU) 1.0e-5 1.0e-2
2 T T T
18 F
1.6 ‘ ‘ ‘
1.4 ‘ ‘ ‘
@12
3, B
E ‘ [ ‘ ‘
—10.8
0.6 ‘ ‘ ‘
0.4 !
0.2p —! ’4 ‘
0 ‘ ‘ ‘
5 10 15 20

Time (Hours)
Figure 3. Load curve
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A load curve is used to evaluate the proposed approach
considering a time horizon of 24 hours, as depicted in Figure
3 (multiplicative factors applied to the base case). Nodes 23,
24,29 and 30 are supposed to be industrial, and the remaining,
residential ones.

3.2 Results

Figure 4 depicts the resulting steady-state frequency of the MG
at each hour, when applying the proposed methodology. It is
possible to see that the minimum frequency limit criteria
(59.80 Hz) has been met.

In this case, the frequency ranges from 59.87 Hz to 59.88 Hz
after the load shedding. It is in accordance with Figures 9 e 10:
the reference frequency of each generator is around 60.1 Hz
(Figure 9), while the P — f droop coefficients (s,,) (Figure
10) are higher than Q — V droop coefficients (s,) (Figure 13).
Therefore, there is a higher frequency droop.

From Figures 8 and 15 to 17, it can be seen that the microgrid
has the required power capacity to supply the loads. Otherwise,
the power generation would achieve its limits (Table 1): in this
case, the load shedding would occur because of the lack of
generation support, and the frequency could be higher than
59.8 Hz (the lower limit). Since the system has enough power
generation capacity, a globally optimal solution would provide
fue = 59.80 Hz (and it has not occurred), indicating that the
obtained solution is possible a local one. It shows that the
problem under analysis has a multimodal nature.

As expected, analytical optimization methods (as the one
employed by the solver fmincon) can fail in providing the best
solution (global one), as a result, for instance, of their high
sensitivity to initial conditions. This fact does not impair the
proposed approach's application since other solvers can be
employed (to search for the global best solution) (La Gatta et
al., 2019). Besides, a more detailed investigation regarding the
initial conditions used can enhance the result’s quality. Finally,
metaheuristic-based optimization methods are very attractive
to solve these problems and will be investigated in the future
by the authors (Peres et al., 2015).

o Mlcrogrld Frequency (Hz)

50.88
59.878
59.876
59.874
59.872

59.87

59.868

59.866 - :
10 15 20
Time (Hours)

5

Figure 4. Microgrid frequency

The total amount of load shed is brought in Figures 5 to 7 and
14. A significant decrease in total load is enforced. Figures 7
and 8 show that the apparent power generation capacity of the
system (5.5 pu) is not reached after the load shedding: figures
15 to 17 detail the generation power of each unit, showing that
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limits were not reached. As a result of the droop characteristic,
the load must be shed to meet the frequency criteria, even if
the system has generation capacity.

Finally, Figures 9 to 13 bring the reference (setpoint)
frequencies, reference voltages, and the droop coefficients
adjusted for each hour. The suitable tuning of these parameters
provides flexibility to the microgrid operation: since the load
changes during the day, it is important to exploit the possibility
of setting different values for each hour. For example, by
properly choosing s, and f;; of a given generator, the same
active power can be dispatched under different frequencies.
For the sake of completeness, the average computational
burden associated with each time horizon was around 3.6
seconds in an Intel Core i7 1.80 GHz computer with 8 GB of
RAM and Windows 10 64-bit operating system.

Total of Active Power Load (pu)

I Gefore LS
I After LS

1]

5 10
Time (Hours)

Figure 5. Active power load before and after the load shedding (LS)

15 20

Total of Reactive Power Load (pu)

I Ecioe LS
I Aster LS

35

5 10 15
Time (Hours)
Figure 6. Reactive power load before and after the load shedding (LS)

Total of quarent Power Load (pu) i
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0
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Figure 7. Apparent power load before and after the load shedding (LS)

20
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Figure 8. Total of generation after the load shedding
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Figure 10. P — f droop coefficient of DG units
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Figure 14. Loading shedding percentage
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Figure 15. Power generation — DG1
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Figure 16. Power generation — DG2
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4. CONCLUSIONS

This paper presented an approach to defining the minimum
amount of load to be shed, maintaining the steady-state
frequency between pre-specified limits in islanded microgrids.
An Optimal Power Flow has been proposed. The reference
values of frequency and voltage of each DG unit, together with
the droop coefficients, are considered as decision variables.
The approach was applied to a 33-bus islanded microgrid
considering a planning horizon of 24 hours. Based on the
obtained results, it was possible to see the effectiveness of the
method, as the operation occurred meeting all the technical
requirements.

However, important aspects associated with the problem's
multimodal nature must be better investigated in the future to
enhance the quality of the solutions (solutions near the global
optima). The application of different optimization solvers, as
well as metaheuristics, will be considered by the authors. Also,
the impacts of energy storage systems will be addressed in
future works.
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