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ABSTRACT
This paper proposes a multi-objective planning approach to determine the optimal DG locations for
droop-based microgrids. A secondary control operating region is mathematically formulated and incor-
porated in the multi-objective optimization problem to constrain the optimal droop characteristic within
the acceptable frequency and voltage thresholds. The proposed planning problem is formulated as a
Mixed Integer Non-Linear Programming (MINLP) problem and is tested on a modified version of the
IEEE 38 bus system operated as an islanded microgrid. The proposed approach is applied to the three
most common microgrid control strategies: P-f/Q-V droop, the P-V/Q-f droop and master/slave. The
proposed formulation is compared to existing planning algorithms for droop-based microgrids. The re-
sults show that including the secondary control region in the optimization problem achieves lower volt-
age deviations and no frequency deviations at all demand levels. The optimal DG allocation solution
may vary from the cases where the droop gains or references are fixed.
Keywords— DG Allocation, Microgrids, Optimization, Planning and Droop control.
1. Introduction

IEEE Std. 1547.4 recommends, while planning microgrid systems, distributed generation (DG) to
maintain acceptable voltage and frequency throughout the islanded system during all expected load

changes [1]. Furthermore, during the planning stage, it is important to consider the frequency and voltage
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regulation strategy of the DG. Microgrids are typically represented and formed as sections of the con-
ventional distribution system equipped with DG energy sources and vary from small scale “facility mi-
crogrid at low voltage” to a larger scale “substation microgrid at medium voltage level” [1].

For islanded microgrid systems, all DGs are expected to contribute to frequency and voltage regula-
tion. Furthermore, the type of microgrid control (master/slave versus droop-based) can have an impact
on microgrid planning. For the Master/Slave microgrid control, one DG is designed to operate as a slack
bus and is responsible for voltage and frequency control providing the reactive power needs of the mi-
crogrid while the remaining DGs supply active power only. On the contrary, for the droop-based ap-
proach, all DGs contribute towards frequency and voltage regulation and supply both active and reactive
power using either the P-f/Q-V or P-V/Q-f droop.

Microgrid planning studies can be divided into technical and economical. In [2], the optimal mix of
DG for installation is determined with an objective of minimizing the investment costs, costs of unserved
energy and cost of energy purchased from the grid. In [3], a multi-microgrid planning model is developed
to determine the optimal interconnection considering investment costs and system reliability cost. The
optimal type of microgrid (DC versus AC) and DG mix based on economic considerations is investigated
in [4], where the planning objective includes the investment and operation costs of DGs, cost of energy
purchased from the main grid, and the reliability cost. In [5], the optimal DG and capacitor allocation,
and line upgrades for a microgrid are determined to minimize the cost of upgrades, losses, and demand.
A planning problem is proposed in [6] to select the optimal DG locations as well as microgrid topology
(AC, DC or hybrid) that ensure minimum annualized capital and levelized operational costs. In [7], the
optimal DG locations were determined to achieve minimal losses considering the master/slave microgrid
control approach. A microgrid planning approach is proposed in [8] to allocate DGs to maximize the
total profit over the planning horizon considering the DG capital costs in the investment stage as well as

the microgrid operating costs and revenues in the operation stage. In [9], a multilevel graph-partitioning



technique for the optimal formation of clusters in the meshed microgrid planning is proposed where the
topology, distributed energy resources (DER) size and location are optimally planned to minimize the
investment cost and the power losses. The authors in [10] proposed a planning approach to optimally
allocate DGs to minimize annual microgrid losses and improve the system’s load factor. In [11], an
optimal planning framework is proposed for determining the optimal DC and AC reconfiguration as well
as the number of interlinking converters for predefined DG locations. In [12], a novel microgrid planning
methodology to determine the optimal locations, sizes and mix of dispatchable and intermittent distrib-
uted generators (DGs) are proposed to minimize investment cost. An optimization approach is developed
to determine the size, location, and type of intermittent renewable energy resources to maximize the
reliability of the microgrid in [13]. Game theory is adopted to allocate the optimum capacity of energy
sources and batteries for clustered microgrids in [14]. The aforementioned microgrid planning studies
primarily focus on economic aspects and more importantly do not include the DG droop characteristics
in the planning stage. The impact of considering the droop characteristics in the planning stage was
highlighted in [15]. The droop gains were included in the microgrid optimization problem to minimize
the total expected costs while determining the optimal DG locations and sizes considering the P-f/Q-V
droop approach. The locations of the DGs affect the reactive power sharing especially for droop-con-
trolled microgrids, and consequently will impact the line losses and the voltage profile simultaneously
as shown in [16]. Thus, as indicated in [17], there is a need for the development of a new microgrid
planning approach for droop-controlled microgrids where the proposed microgrid planning problem pre-
sents the first attempt to determine the optimal allocation of DG and sizing for droop-based microgrids.
The DGs are optimally located for achieving accurate reactive power-sharing by minimizing the voltage
deviation while ensuring near-optimal line losses. The work, presented in [17], considers the P-f/Q-V
droop control and optimizes the droop slopes for primary control operation where the reference fre-

quency, as well as voltage, are predefined and no frequency regulation is provided.



The main contribution of this paper is the development of a new planning approach for droop-based
microgrids taking into consideration the secondary control region. The proposed approach decides the
optimal allocation of DGs and the optimal droop gain as well as droop reference value. The proposed
secondary control region, which defines the borders within which the optimal droop characteristic lies,
is integrated with the planning problem considering load variability. The problem is formulated as an
MINLP multi-objective optimization problem where the main objectives are to minimize power losses,
frequency, and voltage deviation. The proposed approach is tested on the IEEE 38 bus system modified
to operate as a microgrid and its impacts on the various types of microgrid droop control strategies are
investigated. A comparative analysis is conducted where the proposed DG allocation problem is solved
with and without the constraints imposed by the secondary control region and the impact on the optimal
DG locations is presented.

The paper is organized as follows. Section 2 presents the system and the microgrid control strategies
under study. Section 3 presents the proposed problem formulation for planning droop-based microgrids.
Section 4 presents the optimization results for the various microgrid control strategies and a comparative
study is given to illustrate the impact of incorporating the secondary control region in the planning prob-

lem. Finally, conclusions are drawn in Section 5.

2. System under Study

Figure 1 shows the one-line diagram for the 12.66 kV, 60 Hz, modified IEEE 38 bus system under
study where the system data can be found in [18] and [19]. The system, designed to operate in islanded
mode, represents an island as defined in IEEE Std. 1547.4. The total active and reactive load powers are
3.715 MW and 2.3 MVAR, respectively. The proposed planning problem considers all the 38 buses as
candidate buses for DG allocation. The variability of the demand profile is incorporated in the problem

formulation considering different demand levels. The demand is aggregated into seven states of demand



levels ranging from 40% to 100% of the peak demand. The variation of the microgrid demand will result
in both voltage and frequency deviation. The microgrid secondary control is responsible for restoring
the system frequency and voltage by adjusting the microgrid droop characteristics. Thus, it is necessary
to consider the secondary control operating region to investigate its impact on the DG allocation problem
and consequently on the system power losses. Furthermore, the type of microgrid droop control can have
an impact on DG allocation. The next subsections highlight the two droop control approaches as well as

their respective constrained secondary control region implemented in this paper.
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Fig. 1. Single line diagram of the modified IEEE 38 bus system in islanded mode
2.1. P-/Q-V Droop Control
This type of droop is commonly used for microgrids with a high X/R ratio so that active power sharing
among the various DGs can be achieved. However, a mismatch will exist in reactive power sharing due

to the dependence of the reactive power on the bus voltage. The P-f/Q-V Characteristic can be expressed

as follows:
Ws = Wn — mpP (1)
Vs="Vn— an (2)

where wn and ws are the reference frequency at no load and system frequency, respectively. Vanand Vs



are the reference voltage at no load and system voltage. P and Q represent the DG output active and
reactive power, respectively. mp and ng are the slopes for the P-f'and O-V droop characteristics. This
droop characteristic, shown in figure 2, represents the primary control level which is responsible primar-

ily for maintaining microgrid stability.
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Fig. 2. P-f/Q-V droop characteristics
2.2. P-V/Q-f Droop Control

The second type of droop proposed in the literature for controlling microgrids is the P-V/Q-f droop
control and is commonly applied for microgrids with a low X/R ratio [20]. Figure 3 presents the mi-
crogrid primary droop control characteristic which can be represented mathematically as follows:

ws = wn + quQ (3)
Vs=Vn— mp P (4)

Qi Qm,, X Q

Fig. 3. P-V/Q-f droop characteristics

For both microgrid droop control approaches, each DG contributes towards frequency and voltage reg-

ulation. The proposed method in [17] considers only the optimization of the primary droop control slopes



in (1) and (2) for DG allocation with predefined frequency and voltage reference values. Under second-
ary control, the optimal droop slope, as well as frequency and voltage references, can vary. Thus, the
proposed microgrid planning approach takes this into consideration by defining a secondary control op-
erating region within the optimization formulation. The constrained secondary control region guarantees
that the optimal droop characteristic is within the allowable voltage and frequency limits as explained in

the next section.

3. Proposed Microgrid Planning Approach

The proposed microgrid planning problem aims at determining the optimal DG allocation for a mi-
crogrid that will achieve minimal power losses, frequency and voltage deviation. As stated earlier, the
microgrid secondary control typically allows for droop characteristic modifications and thus it is im-
portant while planning microgrids to take this into account. In this paper, a new set of constraints are
incorporated in the microgrid planning problem to define the secondary control operating region within
which the optimal droops for the different load demand states are determined.

m N N N

Objective = > (w1 X (fm — 60)%2 + w2 >~ >~ Plossesijm + w3 > (Vim — 1)2) (5)
i=1 i=1j=1 i=1

where m and N represent the number of load demand states and number of system buses, respectively.
fm and Vim represent the system frequency and voltage at bus i for demand state m. Plossesijm rep-
resents the active power losses within the line between bus i and bus j for load demand state m. w1, wa,
and w3 are the weighting factors for each objective which are set equally in this paper. The proposed
microgrid planning problem is formulated as an MINLP problem and solved with the following con-
straints.
3.1. Primary Droop Control Constraints

In this paper, both droop control strategies discussed in Section 2 are considered within the microgrid



planning problem. The first type is the P-f/Q-V droop control which can be expressed as follows:

Pim = xi(bpf,, + mps, X fm) (6)
Qim = xi(bqv, + nqv, X Vim) (7)
where Pim and Qim are the DG active and reactive power outputs at bus i for load demand state m. x;

is a binary variable which represents whether a DG is allocated to bus i (xi = 1) or not (x; = 0).

bpf,, and mypy, represent the coefficients of P — f droop characteristic while bqv,, and ngv,, represent
the coefficients of Q — V droop characteristics for load demand state m.

The second type of droop is given by:

Pim = xi(bpv,, + mpv, X Vim) (8)
Qum = xi(bar,, + Naf,, X ) ©)
where bpy, and mpyv, represent the coefficients of P — V droop characteristic while bqs, and ngr, |
represent the coefficients of Q — f droop characteristic for load demand state m.

The optimal droop coefficients are determined and constrained within the secondary control region de-
fined in the next subsection.
3.2. Constrained Secondary Droop Control Region

The DG allocation planning for microgrids should consider the adaptive behavior of the droop control
with demand load changes. Secondary control for microgrids is designed to modify the primary droop
characteristic to achieve frequency and voltage restoration. The constrained secondary control region,
denoted as ABCD, within which the droop characteristics should be bounded is shown in figures 4 and
5. Examples of droop characteristics positioned inside the secondary control region are illustrated by the
dashed line.

The secondary control for the P — f droop is bounded by the frequency limits and the DG active

power limits while the Q — V droop is bounded by the voltage and DG reactive power limits. In order to



mathematically model the region bounded by ABCD for the P — f/Q — V, the following constraints are

enforced:

Tofn = fmm:fjfxmxm (10)
bpfm = —mpfmf max,, (11)
Mqv,, = (Qmin — Qmax) /(Vinax,, — Vinin,,) (12)
bqvm = Qmax — Maqv,,Vining, (13)

where fmax, and fmin, represent the frequency on the droop characteristic that corresponds to the
maximum DG active power (any point on line AD in figure 4a) and no-load DG power (any point on
line BC in figure 4a) for demand state m, respectively. Vnax,, and Vmin  represent the voltage on the
droop characteristic that corresponds to the minimum DG reactive power (any point on line AD in figure
4b) and maximum DG reactive power (any point on line BC in figure 4b) for demand state m, respec-

tively.
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Fig. 4. Proposed constrained P-f/Q-V droop characteristics

Similarly, for the constrained P — V/Q — f droop characteristics in figure (5), the following constraints

are imposed:

Myy,, = Pmax/(Vminm—Vmaxm) (14)
bpvm = —mpvmeaxm (15)
mqf,, = (Qmin - Qmax)/(fminm - fmaxm) (16)



be‘m = Qmax - memfmaxm (17)

To guarantee that the droop characteristic is within the constrained secondary control region, the fol-

lowing constraints are added:

505 < fmaxm, fminm < 60.5 (18)
0.9 < Vmaxm, Vminm < 1.1 (19)

O

(b)
Fig. 5. Proposed constrained P-V/Q-f droop characteristics

Forthe P — f/Q — V droop, the droop slopes are negative for both characteristics as shown in figure
4 and expressed in (20). Forthe P — V/Q — f droop, the constraints on the droop slopes are presented
in (21) and are depicted in the ABCD region in figure 5.

mpf,, <0 and mg, <0 (20)

mpy, <0 and mg, =0 (21)

3.3. Power Flow Constraints

The conventional power flow equations are expressed as follows:

N
P — Pp L = 22 VimVimYijcos(6;; + 6im — 6m) (22)
j=1
N
Qim — Qp,lm = — 23 VimVjmYijsin(6ij + &im) (23)
j=1

where Pp and Qp,are the active and reactive power demand at bus i. Im represents the loading level at

state m. Yij and 6;; represent the magnitude and angle of the admittance matrix elements. Vim and &im
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are the magnitude and phase angle of the voltage at bus i for demand state m, respectively.

3.4. Power Generation Limits
The active and reactive powers generation by each DG are constrained within upper and lower bounds
as given below:

OS Pi,mS Pmax (24)
Qmin < Qi,m < Qmax (25)

where Pmin and Pmax represent the minimum and maximum DG active power output, respectively. Qmin
and Qmax represent the minimum and maximum DG reactive power output, respectively. These limits
are also used in defining the constrained secondary control region. To summarize, the proposed planning
approach problem formulation objective is given in (26), where the vector of decision variables () in-

cludes the droop coefficients, DG active and reactive power, frequency and bus voltages.

m N N N
m&n ST (w1 X (fm — 60)2 +w2>" > Plossesijm + w3 D (Vim — 1)2) (26)
i=1 i=1j=1 i=1
S.T.(6)to (25) 3

4. Results

The proposed microgrid planning problem is applied to the modified IEEE 38 bus system where the
optimal DG locations are determined for operating the system as an islanded microgrid. The radial net-
work line parameters and bus loading are given in [18] and [19]. The proposed problem is an MINLP
problem and is solved using the SBB solver in GAMS which combines the standard branch and bound
method with a non-linear programming (NLP) solver. The NLP solver applied is the CONOPT solver
which is well suited for models with very nonlinear constraints [21]. The optimal DG allocation is de-

termined for the P — f/Q — V droop, P — V/Q — f droop as well as the Master/Slave strategy.

4.1. Microgrid planning with P-f/Q-V droop

11



In this case study, all DGs are equipped with the P — f/Q — V droop and the optimal DG locations
are determined to minimize the power losses, frequency and voltage deviation. Table 1 presents the
optimal DG locations, active and reactive power for the seven demand states. The DGs are optimally
located at buses 3, 14 and 30 and for all demand states the DGs share the active power equally. For each
loading level, the optimal droop characteristics are determined in the microgrid planning phase. Figure
6 presents the optimal droops obtained for all seven demand states and as can be seen for every case, the
droop characteristic is within the constrained secondary control region. The proposed planning approach
considers the adaptive modification in droop characteristics governed primarily by the secondary control
and by doing so the optimal DG locations may differ from the ones obtained with fixed droop character-
istics. The planning approach also provides flexibility for modifying the DG droops as load demand
varies. The optimal power losses, frequency and voltage deviations considering all demand states are
0.135 MW, 0 Hz, and 0.013 p.u, respectively. This type of droop control is capable of restoring the

frequency to its nominal value.

Table 1. Active and reactive power sharing for P-f/Q-V droop

DG at Bus 3 DG at Bus 14 DG at Bus 30

Load P Q3 Py Qs P3q Q30

100% 1.246 1.000 1.246 0.497 1.246 0.832
90% 1.120 1.000 1.120 0.334 1.120 0.759
80% 0.994 0.954 0.994 0.228 0.994 0.676
70% 0.869 0.834 0.869 0.198 0.869 0.591
60% 0.744 0.715 0.744 0.169 0.744 0.506
50% 0.620 0.595 0.620 0.140 0.620 0.422
40% 0.495 0.476 0.495 0.112 0.495 0.337
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Fig. 6. Optimal droop characteristics for all seven demand states for a P-f/Q-V droop.

4.2. Microgrid planning with P-V/Q-f droop

The second case study applies the proposed microgrid planning approach to the P — V/Q — f droop
control strategy. The governing equations, relatedtothe P — V/Q — f, presented in section 3, are applied
to determine the optimal DG location. The DGs are optimally located at buses 8, 30 and 38 and Table 2
presents the DG optimal active and reactive power outputs. This type of droop allows for equal reactive
power sharing. Figure 7 presents the optimal droop characteristic corresponding to the seven demand
states associated with the optimal DG allocation obtained when restricting the DG droops within the
specified secondary control region. The droop characteristics are within the secondary control region
defined in figure 5. The optimal power losses, frequency and voltage deviations considering all demand
states are 0.13 MW, 0 Hz, and 0.007 p.u., respectively. This type of droop control is capable of restoring

the frequency to its nominal value. In comparison to the P — f/Q — V droop control strategy, the P —
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V/Q — f droop control strategy results in lower power losses as well as lower voltage deviations making

it an optimal choice for the system under study.

Table 2. Active and reactive power sharing for P-V/Q-f droop

DG at Bus 8 DG at Bus 30 DG at Bus 38

Load Pg Qs P3q Q30 P3g Qss

100% 1.500 0.776 1.231 0.776 1.003 0.776
90% 1.405 0.697 1.089 0.697 0.864 0.697
80% 1.248 0.619 0.968 0.619 0.767 0.619
70% 1.090 0.541 0.846 0.541 0.670 0.541
60% 0.933 0.463 0.725 0.463 0.574 0.463
50% 0.777 0.386 0.604 0.386 0.477 0.386
40% 0.621 0.308 0.483 0.308 0.381 0.308
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Fig. 7. Optimal droop characteristics for all seven demand states for a P-V/Q-f droop.

The maximum DG rating for each DG can be determined from Table 1 and Table 2. The DG capacities

14



forthe P — f/Q — V droop are 1.6 MVA, 1.34 MVA, and 1.5 MVA while the DG capacities for the P —

V/Q — f droop are 1.68, 1.455, and 1.268 MVA.

4.3. Microgrid planning with Master/Slave control

In addition to the droop control approach, another control strategy for operating microgrids is the
master/slave configuration. In this control strategy, one DG operates as a master and is responsible for
providing the demand reactive power requirements in addition to the active power. On the contrary, DGs,
which act as slaves, operate at unity power factor and provide active power only. The proposed problem
formulation in section 3 is modified by adding constraints as in [7] to limit the number of master DGs to
one and set the reactive power outputs of slaves to zero while guaranteeing equal active power sharing.
Table 3 presents the optimal DG locations and active and reactive power output of each DG. The optimal
location for the master DG is at bus 7 and the two slave DGs are located at bus 24 and 30. The optimal
DG sizes are 2.66 MVA, 1.251 MVA and 1.251 MVA. In comparison to the droop-based approach, the
master/slave approach results in an overall higher DG capacity installation. The optimal power losses,
frequency deviation and voltage deviation considering all demand states are 0.192 MW, 0 and 0.006 p.u.
The master/slave approach results in higher active power losses compared to the droop approach but it

achieves minimal voltage deviation.

Table 3. Active power sharing for the master/slave strategy

DG at Bus 7 DG at Bus 24 DG at Bus 30
Load P, Q7 Py, Q24 P3g Q30
100% 1.251 2.347 1.251 0 1.251 0
90% 1.124 2.108 1.124 0 1.124 0
80% 0.998 1.870 0.998 0 0.998 0
70% 0.872 1.633 0.872 0 0.872 0
60% 0.746 1.397 0.746 0 0.746 0
50% 0.621 1.162 0.621 0 0.621 0
40% 0.496 0.927 0.496 0 0.496 0
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4.4. Comparative Analysis

In order to highlight the effectiveness and significance of the inclusion of the proposed constrained sec-
ondary control region in the DG allocation problem, this section presents a comparative analysis between
three case studies. The first case study is the proposed method which includes the constrained secondary
region in the optimization problem. The second case study is characterized by fixed droop reference
values as in [17]. Finally, the third case has a predefined droop characteristic (both the droop slope and
reference value are fixed) as in [15]. The results in this section have been conducted considering the DG
allocation problem for the P — f/Q — V droop characteristic as well asthe P — V/Q — f droop char-
acteristic. Table 4 and Table 5 present the optimal DG locations, microgrid power losses, overall voltage
and frequency deviation considering all demand states for the two droop types. The results show that
including the droop characteristic in the planning approach can impact the optimal DG location. This
finding highlights the importance of planning the optimal DG allocation while considering the droop

control region which includes both primary and secondary actions.

Table 4. Optimal DG locations, microgrid power losses, and voltage and frequency deviations with P-

/Q-V droop
Proposed Approach Fl:rziczr%(ﬁu%:f_ Fixed Droop Curve
DG Locations 3,14 and 30 3,14 and 24 10,23, and 30
Losses 0.135 MW 0.28 MW 0.122 MW
Voltage Deviation 0.013 p.u 0.177 p.u 1.169 p.u
Frequency Deviation 0 0.254 Hz 0.837 Hz

Table 5. Optimal DG locations, microgrid power losses, and voltage and frequency deviations

with P-V/Q-f droop

Proposed Approach Fl:rzcrllzr(\)giu%:f_ Fixed Droop Curve
DG Locations 8, 30 and 38 8, 30 and 38 8, 30 and 38
Losses 0.13 0.133 0.145
Voltage Deviation 0.007 0.041 0.537

16



Frequency Deviation 0 0.845 0.984

The fixed droop case represents a scenario where only the primary control is considered. Although the
chosen droop curve could result in less active power losses, both the voltage and frequency deviation
significantly increase. The fixed droop reference case considers the secondary control since the droop
slopes are allowed to be optimized but still has limitations since the reference value is predefined. For
this case, the frequency reference value was predefined as 60.5 Hz and the voltage reference value was
predefined as 1 p.u. The results for the power losses, voltage and frequency deviation are all higher
compared to the proposed approach where both the droop slope as well as droop reference values are not

predefined and optimally determined within the constrained secondary control region.

As forthe P — V/Q — f droop characteristic, it is observed that the proposed approach provides the
same DG allocation solution as the fixed droop and fixed reference cases but results in the least total

power losses, voltage and frequency deviations.

5. Conclusions

This paper proposes a novel microgrid planning approach for optimally allocating DGs while consid-
ering the secondary control operating region for droop-based microgrids. The optimal DG locations are
determined to minimize the microgrid power losses while achieving frequency and voltage regulation.
The proposed planning model is applied to three different control strategies and the results show that
optimal DG planning solution will vary depending on the type of microgrid control strategy. The results
show that both droop-based approaches can achieve lower power losses with less installed DG capacity.

A comparative analysis is performed to highlight the impact of adopting the secondary control region in

17



the optimization problem. The developed planning approach provides optimal DG allocation and opti-
mal droop characteristics that result in no frequency deviations and lower voltage deviations when com-
pared to existing methods. The proposed approach provides a tool for utility-planners to evaluate the
optimal alternatives for DG allocation in microgrid systems and the corresponding control configuration.
Future work can examine the application of heuristic optimization techniques to the proposed con-
strained secondary region microgrid planning problem.
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