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Abstract: This paper presents a new droop control strategy
based on neuro-fuzzy technique to minimize voltage and
frequency deviations in islanded microgrids (MGs) under
severe changes in load. In islanded MGs, due to lack of the
backup power, the imbalance between consumption and
generation usually leads to violent voltage/frequency
fluctuations. Therefore, designing a reliable control structure to
prevent the MG instability is needed. The proposed control
strategy is designed to maintain the system stability and
minimize the voltage/frequency fluctuations regardless of the
MG structure. The most important advantage of the proposed
controller is independency from the MG structure and
operating conditions. The simulation results show the
appropriate operation and efficacy of the proposed controller in
the presence of severe changes in load.

Keywords: Microgrid, Distributed Generation, Islanded
mode, Droop characteristics, ANFIS, System Stability.

1. Introduction

Nowadays, extensive changes are happening in
distribution systems area. Penetration of small renewable
energy sources (RESs) such as solar cells, fuel cells is
rapidly increased in the distribution levels. This increase
leads to making a new structure called Microgrid (MG)
[1]. In the last decade, distribution systems have been
considered as dependent and passive systems, since their
existence was depended on the transmission systems.
After appearance of the MGs, distribution systems have
been changed to the systems with two aspects: generating
and consuming power [2]. The MGs must be able to
operate in both connected and disconnected modes, and
continue supplying local loads in both modes [3].

A MG is formed by several small power generation
sources which their task is supplying power to local loads
[4]. In critical places such as industrial buildings and
hospitals that generally have a low inertia and their
consumption power is less than 1MW, the existence of a
backup generation is necessary at blackout times. If the
generated power cannot be delivered to the consumer with
an appropriate quality for any reason, the protection
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systems is activated, and the MG is separated from the
distribution system, and tries to supply the power of
critical and non-critical local loads autonomously [5, 6]. In
the islanded operation, the main task of MGs is
maintaining the power quality in critical loads. Therefore,
the islanded MG is responsible to provide voltage and
frequency stability, as well as active and reactive power
balance.

The MGs in spite of many advantages such as, reducing
the environmental problems, reducing costs of
constructing a new power plant, increasing system
reliability, increasing efficiency by reducing power
transmission losses, reducing load aggregation in
distribution feeders, cause some new problems in the
power system such as changing of the power flow pattern,
increasing high frequency harmonics due to using power
electronic devices; and increasing of frequency and
voltage fluctuations [6, 7].

A distributed generation (DG) can be micro-turbine,
photovoltaic cell, and fuel cell, wind generator, along with
energy storage devices such as flywheels, energy
capacitors and batteries [8, 9]. There are two main groups
of DGs. First group includes DC sources such as solar and
fuel cells and the other covers the high frequency AC
sources such as microturbines that need rectifying. In both
groups, the resultant DC voltage should be converted to an
acceptable AC voltage [4]. IEEE STD1547-2003 standard
expresses technical requirements to connect distributed
generation units to the power system [10]. The DGs
capacity are not so much, and do not have significant
effects on the main grid. However, due to their increasing
penetration on the power networks in future, these effects
will be significant [6]. The local DGs have some benefits
such as, low cost for consumer and producer, low voltage,
high reliability, increasing redundancy and robustness of
system and high flexibility [4].

A general structure of MG is shown in Fig. 1. The MG
can be connected to the main grid at the point of common
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coupling (PCC); the DG units can have any arbitrary
configuration, but each DG unit is usually interfaced to
the MG through a power electronic converter, at the point
of coupling (POC) [1].

Disconnecting of a MG from the main grid in stable
state and without any problems for consumers is one of
the challenges towards the MG designers. Hence, control
of the microsources especially in the islanded mode is an
important issue to design these systems, so that the
resources should control the system voltage and
frequency and share the loads among each other. Thus,
the MGs should be capable of managing rapid changes of
the power and frequency that occur in the network, even
when the generated power is less than the power required
by consumers. To achieve this goal and control the
important network parameters such as voltage and
frequency, several central and local controllers are
required.

In [11], a droop control method named generalized
droop control with a different structure from the previous
works is presented. In the generalized droop method, the
frequency and voltage is controlled under the severe
changes in loads, simultaneously. In other words, both
the active and reactive powers are used for
voltage/frequency droop control.

In this paper, a simultaneous droop control by the
Neuro-Fuzzy technique is proposed to stabilize the
voltage and frequency of the islanded MGs. The
generalized droop control structure is modeled by the
neuro-nuzzy method and is trained to simulating the
dynamic generalized droop control behavior regardless
the MG structure and its DGs. The Simulation results by
MATLAB and the defined indexes towards the control
structure validity express the high accuracy of the trained
model. Final results show high performance of the
proposed method under the severe changes in loads.

2. Coordination between Voltage and Frequency
Control

Different classifications for MGs are defined. These
classifications can be based on capacity, voltage level,
load sensitivity, control method and etc. Nonetheless,
another classification is defined based on the structure
MGs and how to connect between generation and
consumption. The DGs are connected to the local loads
by the lines. The lines can be resistive or inductive.
Hence, the MGs are divided into resistive MGs and
inductive MGs. In the inductive MGs, active power-
frequency (P/f) and reactive power-voltage (Q/V) droop
characteristics and in the resistive MGs active power-
voltage (P/V) and reactive power-frequency (Q/f) droop
characteristics are used [12-25]. For example, P/f and
Q/V characteristics are shown in Fig. 2. However, if the
resistivity and inductivity of MG lines do not have
significant difference with each other, the above
mentioned methods do not have required accurate
performance.
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In [11], a control structure for coordination between
voltage and frequency regulation based on droop control
is presented. The participation percentage of the active
and reactive power in the voltage/frequency droop control
has been determined by the lines inductivity/resistivity
index. Index Ky has been presented to determine the lines
inductivity or resistivity. The generalized droop control
structure is shown in Fig. 3. The load changes effect on
the voltage and frequency simultaneously. The main
problem of this method is dependency on the line
parameters. So that, in MGs including several DG units
and loads, due to the existence of several lines in the
system, the virtual line parameters should be used. Then,
for optimal estimation of these parameters, evolutionary
algorithms such as particle swarm optimization (PSO)
can be used. Evolutionary algorithms can be efficient for

optimal estimation of line parameters needed in
generalized droop control method.
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Fig. 3: Block diagram of generalized droop control method [11]
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But if the MG scales is adequately large, the number
of parameters, calculation time and also the possibility of
stranding evolutionary algorithm in the local minimum is
more. Here, to solve this problem, the adaptive neuro-
fuzzy inference system (ANFIS) is used instead of the
generalized droop control with same accuracy and also
without dependency to the MG structure.

3. Neuro-Fuzzy Technique

Artificial neural network (ANN) is one of the
intelligent algorithms that can be wused in both
identification and control. The neural networks have the
ability to learn systems behaviors. In non-linear systems
can be used to diagnose the accurate systems behaviors.
Recently, ANNs, due to their ability in accurate
estimation of the non-linear systems behavior, is being
used to identify non-linear dynamic systems [26].

Fuzzy logic (FL) is a wuseful tool in control
engineering, which can be used to control the variable
parameters in the real-time systems [27]. Combining FL
and ANNSs leads to useful and valuable results. ANNs can
be trained by data, but the FL has no ability for training
[26]. In the early 90s, Jang [28] combined these two
methods.

Adding the training ability of ANN to FL creates a
new hybrid technique, known as ANFIS [26]. ANFIS sets
an adaptive modelling procedure to memorize data set
information. It produces an appropriate input/output (1/0)
mapping with membership functions (MFs) based on
fuzzy if-then rules to generate the I/O pairs. The MFs
parameters can be changed through the learning process.
To adjust these parameters, the back-propagation (BP) or
hybrid learning algorithm can be implemented.

The ANFIS is a technique based on data processing.
Therefore, to guarantee ANFIS controller performance,
the I/O data must be involved the vast operational range.
Otherwise, the designed controller will not be accurate.
Design process of an ANFIS controller consists of two
steps: constructing and training. In the constructing step,
type and number of /O MFs is determined. Several MFs
such as Gaussian and triangular can be used as input MF.
Number of input MFs can be chosen as 3, 5, and so on.
Selecting proper number of input MFs decreases the rule
number and increases the learning speed. Output MFs can
be chosen as a constant or in linear form.

After the constructing step, learning algorithm and
training parameters are selected. To determine the
parameters, BP algorithm is used in this study. In this
algorithm, the network output is compared with the
desired output. The obtained error is used to update
weights in order to reduce the error. After several training
epochs, the final network error is expected to be reduced
to an acceptable value. Then, the ANFIS has learned how
to solve the problem by training data.

In this method, the fuzzy rules correction is possible
when the system is being trained, and by setting the ANN
appropriately, does not require any previous knowledge
about the MFs and rules, and the optimum MFs are
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sufficient for obtaining the I/O data. The configuration of
MFs depends on their parameters. The ANFIS selects
these parameters automatically, and does not need a
human to obtain these parameters, as a fuzzy inference
system (FIS) is built by using the appropriate /O data,
which the parameters of MF are set by means of a back-
propagation (BP) algorithm and the least square error
(LSE) [29].

Typical structure of an ANFIS with five layers is
shown in the Fig. 4. This network is equivalent to Sugeno
fuzzy inference system [29]. In the first layer, which is
known as MF layer, MFs Weights are analyzed. In this
layer, the input variables are applied to obtain the fuzzy
sets proportional to the inputs variables. The second layer
output is the multiplication of the input signals. The input
signals are equivalent to the IF parts of rules. In the third
layer, which is known as rule base layer, the activity level
of each rule is calculated. The number on layers is equal
to the number of fuzzy rules. This layer output is a
normalized form of the previous layer. The forth layer
produces the output values. This layer is known as the
defuzzification layer. Finally, the ANFIS output is
obtained from the output layer.

4. ANFIS Controller Design

If the ANFIS trains properly, it can be useful in control
applications. Therefore, to design the ANFIS controller,
first the generalized droop control structure, which is
used in the simplest MG (Fig. 5), should be modeled by
the ANFIS. Then after ensuring about the model validity,
the modeled ANFIS could be used instead of equivalent
block diagram shown in Fig. 4. In designing and testing
the ANFIS controller, the fuzzy logic toolbox of
MATLAB is used [30]. Design steps can be summarized
as follows:

1.By applying and testing the generalized droop

control on the system shown in Fig. 5, and saving the
controller inputs/outputs, the training data to
synthesis the ANFIS controller are collected. To
obtain an accurate model, the training data under
violent changes of active and reactive loads are
considered.

2. After obtaining the training data set, the ANFIS

structure to be formed. MFs of input and output are
considered as linear form and Gaussian functions.

Layer0 Layer1

Layer 2

Layer 3 Layer 4 Layer 5§

Fig. 4: Overall construction of an ANFIS
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3. After creating the controller structure, using the
optimal hybrid method (combination of LSE and
BP), the ANFIS is trained for 5 epochs (iterations)
with a small error tolerance about 0.00001ms. Total
output of the system is determined using the Sugeno
FIS by means of combining the output of all rules.

4.1 Validity Examination

After designing the ANFIS controller, the model
validity should be investigated in view point of dynamic
behavior similarity to the generalized droop controller.
For this purpose, the I/O data set of Kz=1 is used for
training the ANFIS. As shown in Fig. 3, the generalized
droop control consists of two inputs and two outputs that
are active/reactive power and frequency/voltage
amplitude, respectively.

Since the ANFIS is a multi-input-single-output
(MISO) system, two ANFIS structures should be
separately used for two outputs of frequency and voltage
outputs. These controllers including two inputs and one
output are shown in Fig. 6. Since, it is expected that the
designed ANFIS controllers should simulate the
generalized droop control behaviour as far as possible;
the input data (active and reactive power) should include
a wide range of load changes.

After generating the I/O data set and applying to the
MATLAB ANFIS toolbox, the ANFIS models are
trained. Due to the high switching frequency of inverter
(4000 Hz), the sampling time is considered as 100000
samples per second until the ANFIS controllers could be
able to simulate the system behavior, accurately.

To evaluate the designed ANFIS performance, both
real and training data sets are considered as the test data.
The real and training data are compared together. Fig. 7
shows the ANFIS network outputs versus the real
outputs. Also, in Fig. 8, both data sets are drawn together.
Comparing real and network data shows that the training
process is accurately done, and the ANFIS controllers
have effectively simulated the system behavior.

V20 Vi£o
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—_ L
Mover p— I
! AC R+jX L
Battery S L|o
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d
Fig. 5: A simple MG
L\ f
P.
ANFIS Controller
Q—
LN\ —V,

ANFIS Controller

Fig. 6: The inputs and outputs of the designed ANFIS controller
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Now, as shown in Fig. 9, the two ANFIS trained
controllers are replaced with the generalized droop
control. Then, under the violent changes of active and
reactive loads, the system voltage and frequency are
compared to the previous structure. The active and
reactive power changes are considered as shown in Fig.
10. Fig. 11 shows that the high validity of the ANFIS
controllers.

4.2  Applying the controller to the system

The designed ANFIS controller has some benefits such
as lack of necessity to the line parameters, independency
to the MG structure and operating conditions. According
to the above mentioned benefits of ANFIS, the controller
is experimented (Fig. 12) on the second test system [11]
and their results are compared with the obtained results
from the PSO. The active and reactive load changes are
shown in Table I. The system response including voltage
and frequency profiles is shown in Fig. 13. Fig. 13 shows
that the steady state voltage and frequency are normal. As
regards in the proposed control structure, only primary
control (droop control) is applied and secondary control
loop of voltage and frequency is not considered, existence
of a steady state error for voltage and frequency seems
reasonable. Therefore, returning frequency to nominal
value is one of the presented control methodology
advantages and lack of returning voltage to primary value
after load change is not disadvantage and is customary.
But with adding a secondary voltage control loop to
suggested VSI control, the voltage steady state error can
be returned to nominal value after a load change.

Network Output vs. Real Output for “Test” Data: Output 1
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Fig. 7: Trained network output versus real output
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T LT TABLE I: load change scenario

Sclsjucr;ce _E Time Duration[s] | Load 1[kVA] | Load 2 [kVA]
Gate Bus 0-0.3 30 10
= y 0.3-0.5 30 740

- ¢ le—] Instantaneous :

V= Asintzﬂﬂ')/ averscomaer || |P'EZ2d P| - Activeand [*T 0.5-0.7 30 410 10
‘ A 0% 1 q| Reactive 0.7-0.9 30 j10
o = Power ] 0.9-1.1 0 10
Fig. 9: Control structure of VSI inverter, presented in [11], by replacing 1.1-1.3 30 10

the ANFIS controller with generalized droop control

s
@

System Response (for DG1) under Violent Load Changes
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Fig. 13: Voltage and frequency profile under violent load changes.

Variable Load Response

5. Conclusion

In this Paper, a new droop control structure based on
gl Generalzed Droop Control| | ‘ T ‘ . ‘ ‘ the adaptive neuro-fuzzy inference system has been
wow ot o w o w presented. Basis of this controller is coordination between
voltage and frequency control in the MGs under severe
changes in loads. This controller has been trained by the
desired input and output data set, and has capable to
‘ ‘ . ‘ apply to islanded MGs, and under the different working
o6 e 11z e 16 8z 22 24 28 conditions can keep system, and prevents the voltage and

Time (s)
. ) frequency collapse.
Fig. 11: Voltage and frequency under the violent changes of the load
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