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Abstract—Voltage and frequency of microgrids (MGs) are
strongly impressionable from the active and reactive load fluc-
tuations. Often, there are several voltage source inverters (VSIs)
based distributed generations (DGs) with a specific local droop
characteristic for each DG in a MG. A load change in a MG may
lead to imbalance between generation and consumption and it
changes the output voltage and frequency of the VSIs according to
the droop characteristics. If the load change is adequately large,
the DGs may be unable to stabilize the MG. In the present paper,
following a brief survey on the conventional voltage/frequency
droop control, a generalized droop control (GDC) scheme for
a wide range of load change scenarios is developed. Then to
remove its dependency to the line parameters and to propose
a model-free based GDC, a new framework based on adaptive
neuro-fuzzy inference system (ANFIS) is developed. It is shown
that the proposed intelligent control structure carefully tracks
the GDC dynamic behavior, and exhibits high performance and
desirable response for different load change scenarios. It is also
shown that the ANFIS controller can be effectively used instead of
the GDC. The proposed methodology is examined on several MG
test systems.

Index Terms—ANFIS, DG, droop control, frequency control, mi-
crogrid, voltage control.

I. NOMENCLATURE

ANN Artificial Neural Network.

ANFIS Adaptive Neuro-Fuzzy Inference System.

BP Back-Propagation.

DG Distributed Generation.

FL Fuzzy Logic.

FIS Fuzzy Inference System.

GDC Generalized Droop Control.

IIDG Inverter Interfaced Distributed Generation.

I/O Input/Output.
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LSE Least Square Error.

MF Membership Function

MG Microgrid.

MISO Multi-Input-Single-Output.

PWM Pulse Width Modulation

RES Renewable Energy Source.

VSI Voltage Source Inverter.

II. INTRODUCTION

T HE concepts of microgrid (MG) and distributed genera-
tion (DG) are two subjects that have been presented in the

areas of electrical distribution systems. A MG is a collection of
DGs that are working together for transferring a confident, eco-
nomical, and environmental power.
Some new challenges on the MGs operation and control such

as voltage and frequency control in both connected and islanded
modes are presented in [1]–[3]. The impacts of energy storage
devices on dynamic MG response are studied in [4]. In con-
nected mode, for regulating voltage and frequency of the MG,
the direct-quadrature-current control method is used [5], [6].
Several conventional and intelligent techniques are used for the
MG voltage and frequency stabilizing [7]–[12]. Application of
Intelligent algorithms such as artificial neural networks (ANNs)
in power system control has been frequently used in the litera-
ture review [13], [14]. In [15], the ANNs are used for the voltage
stability assessment. Using intelligent techniques such as fuzzy
logic (FL) and ANNs for control of interconnected power sys-
tems generation are reported in [16].
Despite many advantages, the MGs cause some new prob-

lems such as changing of power flow pattern, increasing high
frequency harmonics due to use of power electronic devices;
and increasing frequency and voltage fluctuations due to vari-
able nature of renewable energy sources (RESs) [17]. The RESs
are mostly interfaced to the MG by power electronic interfaces
such as inverters. In islanding operating mode of MGs, mostly
the voltage source inverters (VSIs) are in use [18]. In this case,
voltage and frequency of the MG are controlled through local
control loops. To avoid circulating currents between parallel in-
verters connected to MG, usually control strategies based on
droop characteristics are applied [19].
Recently, several control techniques have been used to im-

prove the voltage and frequency regulation performance in the
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MG systems, mostly using the system droop characteristics. In
the previous published works [19]–[25], MGs are usually con-
sidered as resistive or inductive systems. In inductive MGs, due
to the existence of a strong linkage between reactive power and
voltage, the conventional reactive-power/voltage droop
control based strategies are used for the voltage control. While,
in resistive MGs, the active-power/voltage droop con-
trol techniques are used for this purpose. Since, the frequency
fluctuation is mainly caused by the fluctuation in real power,
the active-power/frequency droop control methods are
used for frequency control. However, since a strong linkage ex-
ists between reactive power and grid frequency, the droop
techniques are also needed for MGs frequency control design.
The present paper addresses the simultaneous impacts of ac-

tive and reactive power fluctuations on the MGs’ voltage and
frequency. Then based on the well-known droop control rela-
tionship, a generalized droop control (GDC) is developed to de-
cuple the active and reactive power impacts on the voltage and
frequency. The GDC is a more real droop control and provides a
simultaneous voltage and frequency control but it is highly de-
pendent on the line parameters between IIDG and load. In large
scale MGs with several inverter interfaced distributed genera-
tion (IIDGs), calculating of equivalent line parameters to estab-
lish the GDC is difficult.
At the next step, to resolve this problem, a new intelligent

droop control using adaptive neuro-fuzzy inference system
(ANFIS) is proposed. The ANFIS droop controller can be
trained by a proper training set data, so it offers some benefits
such as independency from the MG model and structure. The
proposed intelligent droop control methodology is also appli-
cable to provide a desirable performance over a wide range of
operating conditions.
First, the GDC is tested on a simple MG and the input and

output data of the GDC is saved under several severe load
changes up to 10% nominal overload. Then, the saved data is
used as training data to train the ANFIS unit to behave like a
dynamic GDC mechanism. To demonstrate the effectiveness
of the proposed control structure, the ANFIS-based GDC is
tested on 11-bus and 14-bus MG test systems. The voltage and
frequency deviations are studied under violent load changes in
different buses. Simulation studies are performed to illustrate
the effectiveness of the proposed intelligent control scheme.
This paper is organized as follows: In Section III, a general-

ized droop control based on inductive and resistive ratio is pre-
sented. Then, the generalized droop control is tested on a simple
MG with different values of line parameters. In Section IV, The
performance and applicability of the approach is improved by
replacing the developed GDC with an ANFIS-based intelligent
GDC. In Section V, the ANFIS-based control performance is
examined on three test systems, and finally, the paper is con-
cluded in Section VI.

III. GENERALIZED DROOP CONTROL

A. Conventional Droop Control

Consider a simple MG as shown in Fig. 1. The DG is con-
nected to the load L, with line impedance . At point S, as repre-

Fig. 1. Simple MG with an interfaced inverter system.

sented in Fig. 1, the active and reactive powers can be expressed
as follows [13]:

(1)

(2)

where, is the angle of line impedance Z. Considering
, (1) and (2) can be rewritten as

(3)

(4)

Above equations show dependency of the inverter output
voltage and power angle to the active and reactive powers.
Assuming an inductive line , and a too small power
angle results in:

(5)

Equations (5) show that in the inductive MGs, P must be con-
trolled for regulation of . While, is controllable by Q. In
other words, in these MGs, the output reactive power controls
the inverter voltage, and the active power controls the system
frequency, independently. These strategies are known as
and controls, respectively.
Considering above issue, two typical equations can be defined

by applying a linear approximation for and controls:

(6)

(7)

where, and are rated frequency and voltage of the MG.
The and are droop coefficients of DG’s active and reac-
tive powers. According to (6) and (7), if a change happens in the
frequency or voltage of inverter, for any reason, the impact can
be observed on the output active and reactive powers of the in-
verter. The amount of suitable frequency and voltage deviation
can be achieved through the droop characteristics. This primary
control provides a fast control action to keep the instantaneous
balance between system production and consumption [14], [26].
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Despite changes in the frequency and voltage indexes of a
pulsewidth modulation (PWM) generator, the MG frequency
and voltage are kept in the rated range. But, if the MG is re-
sistive , then, the (5) should be modified as follows

(8)

Equations (8) show a strong linkage between reactive power
and power angle, as well as between active power and voltage.
The frequency regulation automatically controls power angle.
Thus, in the resistive MGs, the and droop control
techniques are needed for the voltage and frequency controller
synthesis, respectively. These methodologies are based on inde-
pendency of voltage variation and frequency deviation. While,
this two factors (voltage and frequency) are dependent to the
line parameters.

B. Generalized Droop Control (GDC)

In a general case, both X and R should be considered [13].
Hence, modified active and reactive powers ( and ) are re-
quired as follows:

(9)

(10)

Now, defining the index as , and applying (6)
and (7) to (9) and (10), results in

(11)

(12)

where, . The and are in-
verter frequency and voltage deviations, respectively. In (11)
and (12), the index is defined to show what percentage of
line is resistive. This index helps us to realize the simultaneous
control of voltage and frequency. After some algebraic calcula-
tions on (11) and (12), following expressions are obtained.

(13)

(14)

From (13), it is denoted that affects the weighting coef-
ficients of and in the second and third terms, respec-
tively. Thus, to prevent an undesired effect of on the
and in the second and third terms of (13), must be equal to
unit. Similarly, in the second and third terms of (14) should

Fig. 2. Block diagram of the GDC.

be fixed at unit. Then, it can be seen that from (13) and (14) we
can obtain the following generalized droop control relationship:

(15)

(16)

Fig. 2 shows the block diagram realization of (15) and (16).

C. GDC-Based Voltage and Frequency Control

Fig. 3 shows a general block diagram for a VSI. The LCL
output filter has been added to prevent the resonance impact
in the output network. Also, the LCL damps the distortion of
output sinusoidal waveform and reduces high frequency har-
monics caused by switching operations of the VSI. Therefore,
it is used in the inverter output for preservation of quality of
output current and bus voltage when links to the weak grids
[27]. The instantaneous active and reactive powers are passed
through low-pass filters, as follows [28].

(17)

where, represents the cut-off frequency of low-pass filters.
The power controller determines the real and reactive power,
and renders and to the GDC to perform simultaneous
voltage and frequency control proportional to the and .
To illustrate the effectiveness of the proposed control

strategy, first, the simple test case shown in Fig. 1 is considered.
This MG has one DG unit to supply acceptable power for the
local load. The load is connected to the DG through a line.
To ensure that the developed droop control strategy is able to

obtain a desirable result in inductive, resistive and all types of
MGs, some simulations have been done in states of
(inductive line: ), , and
(resistive line: ). The rated voltage and power are 220
V (rms) and 30 kVA, respectively. Main system parameters are
shown in Table I.
In Fig. 4, a severe scenario for load variations is considered

so that before 0.6 s, the primary load is purely active and is fixed
about 0.7 pu. After 0.6 s, for next three steps i.e., 0.6 s, 0.8 s and
1 s, active load is increased. Then, in other three steps at 1.2
s, 1.4 s and 1.6 s, reactive load is increased while active load
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Fig. 3. MG with a general block diagram of VSI.

TABLE I
INVERTER PARAMETERS FOR DGS IN FIG. 3

Fig. 4. Load variations scenario.

is kept constant. Active and reactive loads are simultaneously
decreased to primary values at 1.8 s.
Finally, for better recognizing of the GDC performance, in

the final four steps, both active and reactive loads are changed
together. The simulation results for different values of Z (

, and ) are shown in Fig. 5. This figure
shows that the proposed GDC method stabilizes the MG’s fre-
quency and voltage following the step load changes. It is also
investigated that the developed control strategy is capable to
maintain frequency and voltage stability even in more serious
conditions.

IV. ANFIS-BASED GDC APPROACH

The main weak point of the proposed generalized droop con-
trol method in the previous section is in strong dependency of
the approach to the line parameters (R and X). Consider a more
complex MG which is shown in Fig. 6 [28]. The proposed tech-
nique is depending on the line parameters. The DGs (220 V, 50

Fig. 5. System response for load disturbance with different values (10:
dotted, 0.1: dashed line, 1: solid).

Fig. 6. MG with three DGs and two load banks.

Hz) are connected to two local load banks, at bus 1 and bus 3
[28]. System parameters are considered as given in Table I.
It is obvious that in this MG, unlike the simple MG (Fig. 3),

relationship between generation and consumption is not accom-
plished only via one line. For example, DG source 2 shares its
generation power between load 1 and load 2. Thus, between
generation and consumption cannot be specified with a special
resistance R and inductance X. In such cases, to achieve a desir-
able response, a virtual R and X should be considered in control
structure of DG. According to the proposed control structure in
the previous section, for a DG, a line should be existed between
power source and load. Therefore, there are six line parameters
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that must be determined . Thus, in MGs
with several DG units and loads, due to the existence of several
lines in the system, the virtual line parameters should be used.
But if the MG scales to be adequately large, the number of pa-
rameters, calculation time and also the possibility of stranding
evolutionary algorithm in the local minimum will be consider-
able. Here, to solve this problem, an ANFIS unit is used instead
of the GDC to meet same accuracy without any dependency to
the MG structure.

A. ANFIS Controller Design

Adding the training ability of the ANN to the FL creates a new
hybrid technique, known as ANFIS [29]. The ANFIS provides
an adaptive modelling procedure to learn data set information. It
creates an appropriate input/output (I/O)mappingwithmember-
ship functions (MFs) based on fuzzy If-Then rules to generate
the I/O pairs. The MFs parameters can be changed through the
learning process.
Here, to determine the parameters, a hybrid learning algo-

rithm is used. In this technique, the fuzzy rules updating is pos-
sible when the system is being trained, and by an appropriate
ANN tuning, it does not require any previous knowledge about
the MFs and rules. The MFs configuration depends on their
parameters, and the ANFIS selects these parameters automat-
ically. The fuzzy inference system (FIS) is built by using ap-
propriate I/O data, which the parameters are set by means of the
BP algorithm and the least square error (LSE) method.
In this study, the FIS has two inputs, active power and

reactive power . The output is frequency or voltage .
If the rule base contains two fuzzy (if-then) rules of Takagi-
Sugeno’s type, as follows:
1. If is and is , then ,
2. If is and is , then .
Then, the corresponding equivalent ANFIS structure with five
layers can be constructed as shown in Fig. 7. Following, the
layers are explained in detail.
Layer 1: In the first layer, the input variables are applied to ob-
tain the fuzzy sets proportional to the inputs variables. Every
node in this layer have a function that showsmembership value
of each input, so the node outputs can be described as

(18)

where, or is the input to node (or ) is a linguistic
label (small, large, ). In other words, is the MF of .
Usually is chosen in a bell-shaped form with maximum
and minimum of 1 and 0, respectively. For example, here the

is chosen as follows

(19)

where, is a parameter set known as premise param-
eters. Effect of changing these parameters on the MFs is shown
in Fig. 8.

Fig. 7. Typical structure of an ANFIS.

Fig. 8. Effect of changing parameters on the MFs.

Layer 2: The second layer output is the multiplication of the in-
coming signals from layer 1. For example,

(20)

where, presents the firing strength of a rule. The incoming
signals are equivalent to the antecedent (If) part of rules.
Layer 3: In this layer, the activity level of each rule is calculated.
The number of layers is equal to the number of fuzzy rules. This
layer output is a normalized form of the previous layer. The th
node calculates the ratio of th rule’s firing strength versus all
rule’s firing strengths, as described below.

(21)

Layer 4: The forth layer produces the partial output values.
Output node in this layer is Takagi-Sugeno type as follows

(22)

where, is the output of layer. The is a parameters
set, known as consequent parameters.
Layer 5: Finally, the ANFIS output is obtained from the fifth
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layer. This single node computes the overall output as the sum-
mation of all incoming signals.

(23)

ANFIS uses two parameter sets: the premise parameters set
, and the consequent parameters set . The

adjustment of these two parameter sets is a two-step process:
forward pass and backward pass. First, in the forward pass, the
premise parameters are fixed and the consequent parameters are
computed using the LSE algorithm (off-line learning). Then, in
the backward pass, the consequent parameters are fixed and the
premise parameters are computed using the BP gradient decent
algorithm.
To design the ANFIS-based controller, first the GDC struc-

ture, which is used in the simple MG (Fig. 3), might be modeled
by the ANFIS. Then, after ensuring about the model validity, the
proposed ANFIS-based controller could be used instead of the
GDC block diagram (Fig. 2). Design steps can be summarized
as follows:
i) By applying and testing the GDC on the system shown
in Fig. 3, and then saving the controller inputs/outputs,
the training data for the ANFIS controller synthesis are
collected. To obtain an accurate model, the training data
under violent changes of active and reactive loads are
considered.

ii) After obtaining the training data set, the ANFIS structure
to be completed. The MFs of input and output are consid-
ered in form of linear and Gaussian functions.

iii) Following creating the controller structure, using the op-
timal hybrid method (combination of the LSE and BP),
the ANFIS is trained for 5 epochs (iterations) with a small
error tolerance (i.e., 0.00001 ms).

B. Validity Evaluation

After designing the ANFIS-based GDC, the model validity
should be investigated in view point of dynamic behavior sim-
ilarity with the GDC unit. For this purpose, the I/O data set
of is used for training the ANFIS unit. As shown in
Fig. 2, the GDC consists of two inputs and two outputs that are
active/reactive power and frequency/voltage amplitude, respec-
tively.
Since the ANFIS is a multi-input-single-output (MISO)

system, two ANFIS structures should be separately used for
frequency and voltage outputs. These controllers include two
inputs and one output which. Since, it is expected that the
ANFIS controllers must simulate the GDC behaviour as far
as possible; the input data (active and reactive power) should
cover a wide range of load changes. After generating the I/O
data set, the ANFIS models are trained. Due to high switching
frequency of the inverter (4000 Hz), the sampling time is con-
sidered as 100000 samples per second until the ANFIS-based
controllers could be able to simulate the system behaviour,
accurately.
To evaluate the ANFIS performance, both real and training

data sets are considered as test data. The real and training data

Fig. 9. Trained network output and real output.

Fig. 10. Voltage and frequency under the violent changes of the load.

are compared together. Fig. 9 shows the ANFIS network out-
puts versus the real outputs. Comparison of real and network
data shows that the training process is accurately done, and the
ANFIS-based controllers have effectively simulated the GDC
system behaviour. After replacing the GDC with the ANFIS
trained controllers, under the violent changes of active and re-
active loads, the system voltage and frequency are compared to
the previous structure. The active and reactive power changes
are considered same as shown in Fig. 4. Fig. 10 shows the va-
lidity of the ANFIS models.

V. CASE STUDIES AND TEST SCENARIOS

A. 3-Bus Test MG

To test and verify the effectiveness of the proposed droop
control method based on ANFIS controller; first the 3-bus MG
shown in Fig. 6 with pure active loads are considered: 30 kW
and 10 kW active loads at bus 1 and bus 3, respectively. Then,
with occurring violent changes in both loads at different times,
the impact of dynamic load changes with trained ANFIS con-
troller on the MG performance is evaluated. The active and re-
active load changes are shown in Table II. The system response
including voltage and frequency profiles is shown in Fig. 11.
This figure shows the capability of the proposed intelligent con-
trol for stabilizing the MG’s voltage and frequency.
Now, consider the outage of a DG from the MG system, fol-

lowing an event. To see the voltage and frequency profiles after
outage of a DG, and to check either the remained islanded MG
is stable or not; DG1 is removed from the MG in time duration
of 0.4 to 0.6 seconds. Simulation results for this scenario are
shown in Figs. 12 and 13. After removing DG1 at s,
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TABLE II
LOAD CHANGE SCENARIO

Fig. 11. Voltage and frequency profile under violent load changes.

Fig. 12. Output active and reactive power affected by outage of DG 1.

other DGs are going to compensate the DG1 absence and stop
the voltage/frequency deviation. When DG1 is removed, due to
lack of secondary control loop, a steady droop is observed in the
load voltage terminals. The steady voltage droop can be returned
to the nominal operating value by adding a proportional-inte-
gral (PI) controller to the voltage control loop (see Figs. 12 and
13). This controller is not activated for the previous test scenario
(Fig. 11).

B. 11-Bus Test MG

To prove the reliability of the closed-loop system with the
designed ANFIS controller, it is also tested on an 11-bus test
system, which is shown in Fig. 14 [30]. At times 0.3 s, 0.5 s
and 0.7 s; a load change is occurred in buses 2, 5 and 8, respec-
tively. The loads of the test system before 0.3 s are presented in
Table III. This load change scenario is shown in Table IV. The
voltage and frequency profile under this load change scenario
are shown in Fig. 15.

Fig. 13. Voltage/frequency profile of local loads following outage of DG 1.

Fig. 14. 11-bus MG test system.

Fig. 15. Frequency and voltage response of 11 bus MG test system in the pre-
sense of load change scenario given in Table V.

TABLE III
LOADS IN 11-BUS MG TEST SYSTEM
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TABLE IV
LOAD CHANGE SCENARIO FOR 11-BUS MG TEST SYSTEM

TABLE V
LOADS IN 14-BUS MG TEST SYSTEM

Fig. 16. 14-bus MG test system.

C. 14-Bus Test MG

To investigate the effectiveness of the proposed ANFIS droop
controller; it is also examined on a 14-bus test system, which is
shown in Fig. 16. This MG is a modified version of the given
grid in [31]. At times 0.4 s, 0.6 s and 0.8 s; a load change is oc-
curred in buses 8, 9, and 13, respectively. The loads of the test
system before 0.4 s are presented in Table V. The load change
scenario is shown in Table VI. The voltage and frequency profile
under this load change scenario are shown in Fig. 17. The sim-
ulation results show that by the designed ANFIS-based GDC,

Fig. 17. Frequency and voltage response of 14-bus MG test system in the pre-
sense of load change scenario given in Table VII.

TABLE VI
LOAD CHANGE SCENARIO FOR 14-BUS MG TEST SYSTEM

system stability with desirable performance is guaranteed under
severe load changes.

VI. CONCLUSION

The present paper provides a solution for intelligent model-
free based generalized droop control (GDC) synthesis for simul-
taneous voltage and frequency regulation in the islanded micro-
grids. A GDC is proposed based on the well-known conven-
tional voltage/frequency droops. But the addressed GDC highly
depends on the MG configuration and line parameters. To re-
move this dependency and propose a model-free based GDC, an
adaptive neuro-fuzzy inference system (ANFIS) is developed.
The ANFIS is responsible to simulate dynamic behavior of the
GDC.
The proposed ANFIS is trained by a desired I/O data set of the

GDC, and then it is applied to the inverter interfaced DG con-
trol structure. Using the developed intelligent GDC synthesis,
one does not need more to know the MG structure and line pa-
rameters. Thus, this approach is applicable for a wide range of
MGs. The effectiveness of the proposed method is examined on
several test case systems.
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