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With increasing the penetration rate of microgrids in power networks, their control
becomes more and more important, and microgrid frequency control in islanded mode is

Accepted: April 28-2023 one of the most important recent approaches which are studied. With the aim of fast

microgrid frequency adjustment, this study presents a novel robust approach using fuzzy
Keywords: Microgrid, islanded microgrid, and reset techniques. Therefore, this paper firstly describes the model of an islanded
[frequency control, robust method, fuzzy microgrid consisting of various elements such as renewable resources, variable loads,
method, reset method, hybrid method, hybrid storage resources and distributed energy resources, and then designs and presents a robust
control, uncertainty, disturbance, frequency hybrid control technique based on switching. The planned control method consists of three
error parts, which are: 1- Fuzzy control technique, 2- Fuzzy reset control technique, and 3-

Switching between the two techniques. Due to the robust feature of the reset technique,
which in addition to quickly reducing the frequency error, it is able to overcome the
limitations of linear controllers, and also due to the intelligence of the innovative fuzzy
technique, the planned technique is able to quickly remove frequency errors and restore
the islanded microgrid frequency in the fastest possible time and with the least ups and
downs and fluctuations. As the results of simulation and comparison in MATLAB
environment show, the planned technique has a high and undeniable ability to overcome
the uncertainty of the model and disturbances on the system even of the most severe type.

1. INTRODUCTION [5]. These unique features and specifications further explain
the need to face and overcome the problems facing the concept
of microgrid structure, the most important of which are in the
fields of stability, two-way power flows, modeling and control
[6]. Designing and presenting appropriate methods in facing
these challenges forms the study path of many researchers and
for this reason, the design of the appropriate control method
for the microgrid frequency regulation has been considered in
this study despite the low inertia, the presence of uncertainty,
and disturbances in both load and generation.

Frequency characteristic along with voltage specification
are the most important parameters of an electric power system
and in this study, frequency control of the microgrid network
in the islanded mode is targeted. Frequency control is
necessary and vital for the correct operation of the power
network. Any frequency deviation outside the permitted limits
leads to inconsistency between production parts and
downstream equipment, which in the first place causes damage
to these components and ultimately causes instability and
collapse of the network. Many control studies have been done
to adjust the frequency of different microgrids, especially in
the islanded mode, among which the following can be
mentioned: The proportional integral (PI) control method in
[7-9], Ziegler-Nichols based method for adjusting
proportional integral derivative (PID) controller parameters in
[10], Heo controller to minimize fluctuations in [11], internal
model controller in [12] swarm-based techniques [13], genetic
algorithms [14] and biography optimization techniques [15]
have been used to control the frequency of microgrid.
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As a very positive and constructive structure, the microgrid
plays a very important role in redesigning and optimizing the
production and consumption of electric power today. The
numerous advantages of microgrids have caused increasing
attention to this concept and structure, and this process has
caused a re-arrangement in the production structure and of
course the distribution of electric power [1]. The ability to
aggregate and integrate renewable resources with microgrid-
based networks has reduced greenhouse gas production and
thus condensed pollution [2]. The capability to produce energy
on-site with the consumer has led to the reduction of
transmission losses and the elimination of sufferers caused by
centralized production, the skill to manage production and
consumption in the microgrid structure has reduced
investment costs to provide suitable power for new plants, and
of course, decreasing power prices and reducing peak power
requirements, the skill to work independently or connected to
the main macrogrid network, increasing reliability and the
ability to deal with cyber-attacks are among the main
advantages of microgrid networks [3]. For this purpose, the
microgrid networks are the place of many studies in this field.

Among the various features of the microgrid structure, the
use of renewable resources and distributed generation
resources is a special potential for the development of this
concept [4]. Because it provides more secure energy
penetration in remote areas and it provides the possibility of
integration by reducing costs and increasing energy efficiency



Fuzzy-Reset Joint Controller Design for Robust Frequency Adjustment of Hybrid Microgrid including... / J. New Mat. Electrochem. Systems

Despite the fact that low inertia in microgrid networks due
to the presence of elements with slow dynamics slows down
frequency deviations, but this low inertia acts as a negative
factor for microgrid frequency control when deviations occur
and is an undesirable element for frequency regulation.
Disturbances in generation as well as consumption are among
the undesirable components for frequency control [16].
Changes and disturbances in the net and total generation of
DER in the microgrid network cause deviations in the
frequency of the microgrid, and when these changes are
combined with load disturbances caused by consumer
behavior, the most intense shocks occur in the frequency of the
microgrid where a proper and timely response from the
controller is necessary in these moments [17]. The existence
of uncertainty, which is obvious in the modeling of the
dynamics of the various elements existing in the microgrid
network, causes the frequency controller design problem to
burst more and more. In addition to the mentioned issues, the
response resulting from the controller's actions must show a
suitable quality from the perspective of transient and
permanent characteristics. This study presents a new control
approach for microgrid frequency regulation considering all
the mentioned considerations.

As mentioned, despite the various control methods
implemented for microgrid systems, the development and
completion of new control approaches is necessary and
essential. Some of the presented methods are unable to handle
the nonlinear effects of microgrid system dynamics due to the
linear nature of the controllers [18-19]. Some of them do not
have tolerance and robustness against possible adversities such
as model uncertainty and disturbances and also, some others
cannot be implemented and operationalized due to their
complex nature. Therefore, it is necessary to develop and
design new innovative approaches. With this point of view and
taking into account the unique capabilities and characteristics
of the reset and fuzzy techniques [20-21], this paper presents
a new technique for microgrid frequency control and
regulation and of course, evaluates the robustness of the
controller under the most extreme possible scenarios caused
by uncertainty and disturbance. Fuzzy technique as an
intelligent method is closely related to human logic and
thinking and can be added to existing power systems in a quick
and low-cost way, and in addition, it is one of the most
important tools in dealing with uncertain and complex systems
[22]. Due to the use of two integrators in a unique non-linear
structure, the reset technique is able to quickly remove the
tracking error and perform regulation in addition to
overcoming the limitations of linear controllers and in
addition, transient response improvement is one of the unique
features of the control method. Another innovation of this
study, in addition to using these two methods, is the
combination of the mentioned two approaches and switching
between control techniques. The fuzzy method by determining
suitable rules derived from experience is one of the control
solutions designed in this study, and the other planned
technique is based on the reset technique, of course, its gains
are determined by designing and using fuzzy rules. Switching
between the two mentioned approaches under certain
conditions is another innovation of this study for optimal
frequency control, and in fact, the designed switching enables
the use of the best option among fuzzy and optimized fuzzy
reset controllers.
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Accordingly, this article is organized as follows: in the
second part, the microgrid model is presented. The third part
describes each of the control methods and how they are placed
in the proposed comprehensive control technique. The fourth
section describes the results of the implementation and
application of the controller to the islanded microgrid in
different scenarios, and finally, the obtained results have been
evaluated and analyzed in the fifth part, and of course, the
direction of future studies has also been drawn.

2. MICROGRID MODEL

In this study, the microgrid is considered in island mode and
AC type, and various elements such as ac loads, distributed
generation including fuel cell, micro turbine, wind turbine,
solar cell and energy storage devices such as FES and BES
systems are located in this structure. A simple structure of the
studied microgrid is shown in Figure 1, in which the
distributed sources are connected to the AC bus by the
electronic-power tool, and the conversion of DC voltage to AC
in sources such as PV and FC arrays is done through this tool.
For the BES system, a converter is installed to convert AC to
DC in charging mode and DC to AC in discharging mode. The
total power generation from DEG, MT, WTG, PV, FC sources
and FES and BES exchange power should be able to meet the
power demand.

Due to the effect of environmental conditions on the power
produced by RES such as PV and WTG, these sources are not
used for frequency regulation, and to achieve the secondary
control goal, microturine and fuel cell have been used for this
purpose. In the secondary frequency control loop, fluctuations
in load output power, WIG and PV are compensated by
decreasing/increasing output power from MT and FC. Of
course, it should be noted that the delay in fuel cell dynamics
for power generation is included in this study. In Table 1, the
dynamic model with the lowest order is given for each of the
elements presented in the microgrid.

Table 1. dynamic model with the lowest order for each of
the elements
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In the following, simplified dynamic models are presented
for DGs/storage units. Some distributed sources may have
high-order dynamic frequency response models, but according
to [19], low-order dynamic models are sufficient to investigate
the issue of frequency control. Figure 2 shows a dynamic
frequency response model of MG, and the corresponding
system parameters for a typical MG are taken from reference

[4].
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Figure 1. Simplified structure of the studied microgrid

Flywheel

[ Secondary

Temen

Figure 2. MG frequency response model

3. CONTROLLER DESIGN

This section describes the structure of the proposed
controller in detail. In order to meet the control requirements
and maintain the microgrid frequency value at the desired
value, designing a robust and effective controller is essential.
Due to the special capabilities of the reset and fuzzy
approaches, these two methodologies have been used
effectively for designing the robust intelligent controller. In
general, the designed controller structure consists of three

basic parts, which will be described below. These three parts
include; 1- separate fuzzy control technique, 2- reset robust
control technique, tunable by fuzzy scheme, 3- and switching
and selector between the controllers. By placing these three
sub-controllers in a certain structure, they form the layout of
the proposed hybrid controller structure. Now we will describe
each of these parts.

3.1 Fuzzy Intelligent Control (Fuzzy Logic)

Fuzzy logic is one of the best control techniques due to its
simplicity of design and implementation, high efficiency and
robustness against system dynamic changes. Fuzzy logic
controller synthesis does not require detailed system
information. Figure 3 shows the three main parts in the Fuzzy
Logic Controller (FLC). The fuzzification interface maps a
crisp input to a fuzzy value using fuzzy sets. The rule set and
inference system creates a result for each appropriate rule, then
combines the results of the rules. The defuzzification section
make over the combined result into a specific control value.
For fuzzification and defuzzification interfaces, this control
method considers five membership functions that are adjusted
according to the error value and accuracy required by the
closed-loop system.
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Figure 3. Layout of fuzzy controller
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In Figure 3, the variables e; Ae; E and AE show the error
rate, error derivative, normalized error and normalized error
derivative, respectively. Parameters k;,k, and a are input and
output scaling factors and have important effect on the
dynamic behavior of the system and can be selected based on
experience, by trial and error in simulations, or using advanced
meta-heuristic approaches [3]. In Table 2, the fuzzy linguistic
variables NB, N, Z, P and PB signify large negative, negative,
zero, positive and large positive, respectively. The basic form
for fuzzy control rules is described as follows: "If the error E
is A and the derivative of the error AE is B, then the output of
the fuzzy control is Au”. Figures 4(a) and 4(b) show the input
and output membership functions of FLC, respectively.

Table 2. The linear basis rules used in FLC

Au E
NB N Z P PB
NB | NB | NB | N N 7
N NB N N Z P
AE| Z N N Z P P
P N Z P P PB
PB Z P P | PB | PB




Fuzzy-Reset Joint Controller Design for Robust Frequency Adjustment of Hybrid Microgrid including... / J. New Mat. Electrochem. Systems

NB N 4 P PB

0.8

e
@

o
IS

Degree of membership

0.2

1 0.8 0.8 0.4 0.2 0 0.2 0.4 0.6 08 1
E
- . : T T
NB
11
08|
=
b
&
506}
o
£
@
E
5
%04
go
[=]
oz}
0
. . | . \ | |
1 0.8 0.5 0.4 0.2 0 0.2 0.4 05 0B 1
AE
(@)
T ‘ T T T
B N z P PB
1
08 -
=S
@
§osl
a
€
@
€
5
b
204}
g
[=]
02k
0
L 1 1 L L 1 L 1 L

-1 -08 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Au

(b)
Figure 4. The membership functions of FLC. (a) input
membership functions (b) output membership functions

3.2 Robust reset controller optimized by fuzzy method

In this part, the structure of the reset scheme is described at
first, and then the reset approach optimized with the fuzzy
technique is explained in the next subsection.

3.2.1 Reset method

Reset control scheme is shown in Figure 5. It is widely used
in industrial process control due to its simple structure and
robust performance, and is able to quickly eliminate tracking
error and improve transient response for both linear and non-
linear systems. In the following, the method of adjusting the
reset control coefficients by the fuzzy technique is explained.

1 +
L

Figure 5. layout of reset controller

3.2.2 Reset controller with fuzzy tune

Fixed coefficients for the reset controller in non-linear
plants with parameter changes cannot show proper
functionality and performance. Therefore, it is necessary to
use innovative and automatic approaches for adjusting the
parameters of the reset controller. The fuzzy-based self-tuning
reset (FSR) controller shown in Figure 6 provides the ability
to adjust the coefficients of the reset control method, i.e. kp; k;
and k4 by using of a fuzzy tuner [4].

Fuzzy Tuner
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+* Controller = " —ﬂi
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Figure 6. Layout of fuzzy-based self-tuning reset controller

The output of the FSR approach is specified by
upsr(t) = Kpe(t) +k; J e(t)dt M

+ KiResetf e(t)dt
Reset

Figure 7 shows more details about the fuzzy tuner.
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Figure 7. Layout of the fuzzy tuner

There are two inputs to the fuzzy inference: e and Ae, and
three outputs:k, , k; and Kgeser in Figure 7. The variables
e;Ae; E and AE specify the error rate, error derivative,
normalized error and normalized error derivative,
respectively. The parameters k; , k, , @, [ and y are
input/output scaling factors.

v
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Fuzzy subsets for inputs and outputs are negative, zero and
positive. Figures 8 (a) and (b) show the membership functions
of inputs and outputs, respectively.
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Figure 8. the membership functions of fuzzy tuner (a) input
membership functions (b) output membership functions

As given in Table 3, the columns signify the normalized
feedback error E and the rows denote the normalized
derivative of error AE. Each pair [E, AE] governs the output
parameters matching to iy, k; and Kigeger-

Table 3. Fuzzy rules for FSR approach

Kp, Ki, Ki £
p» ™i» "Mi{Reset N VA P
N ZNN ZNN PNN
AE A PZZ ZZN ZNN
P PPP ZPN NPN

In the presented fuzzy tuner, the sum of the product is
considered as the inference method, the center of gravity as the
defuzzification method, and the triangular-shaped as the
membership functions for the inputs and outputs.

3.3 Switching and selective controller between optimized
reset and fuzzy techniques

In this part, the structure of a fuzzy-reset controller is
presented to improve the dynamic performance and fast
adjustment of microgrid frequency. Both fuzzy and reset
controllers are presented in this structure, and therefore
combining the advantages of the two methods somehow
creates an added value. The planned control scheme is shown
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in Figure 9, which includes three parts:1- Fuzzy-based
adjusted reset controller; 2- Fuzzy controller; 3- Fuzzy
selector. Based on the fuzzy rules and depending on the error
between the current value of the microgrid frequency and its
desired value, the fuzzy selector determines the time and how
to change the controller in a suitable way. If the output value
of the system is far from the set point, the fuzzy controller has
the greatest effect on the control system. Similarly, when the
output value is close to the set point value, the fuzzy reset
controller in turn has the highest effect on the system and this
rule shows how to select the controller based on the fuzzy
selector.

As Figure 9 shows, the inputs of the fuzzy selector are e, Ae
and the input fuzzy linguistic variables are N, Z and P. The
output of the fuzzy selector is the 7y,,,, and the fuzzy
linguistic variables corresponding to the output are P and PB.
Fuzzy inference rules are given in Table 4.

Fuzzv Tuner
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Controller

Microgrid

AF,

opt

O

Figure 9. Layout of planned fuzzy reset controller

Table 4. Inference rules of fuzzy selector

. E
fuzzy N | z] P
N| P |P| P

AE | Z | PB| P | PB
p|l P |P]| P

Figures 10 (a) and (b) show the membership functions of
inputs and outputs of the fuzzy selector, respectively.
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Figure 10. The membership functions of fuzzy selector (a)
input membership functions (b) output membership functions

The Treser and 75y,,,y specify the tuning coefficients of both
the reset and the fuzzy control approaches. Furthermore,
TReset + Truzzy = 1. Therefore, the output of the fuzzy reset
controller is specified by the subsequent expression

u(t) = rResetuFSTReset(t) + rfuzzyufuzzy(t)- (2)

According to the planned control layout of Fig. 9, the design

process of the hybrid fuzzy reset controller is as follows:
Step 1: Designing the fuzzy logic controller as a separate
subsection. Step 2: Designing the reset controller with fuzzy
tuner as a separate subsection. Step 3: Designing the fuzzy
selector using e and Ae. Step 4: Calculating the general
control law u(t) by using of equation (2).

4. SIMULATION RESULTS

Accurate evaluation of the performance of the planned
control method against the most severe changes and possible
uncertainties in the microgrid, guarantees its efficiency in
different functional states of the microgrid. For this purpose
and by considering two simulation scenarios, controller
capabilities have been challenged. Also, in order to compare
with the planned control technique, PI and PID control
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methods have been used, which are the most common control
methods used for islanded microgrid frequency regulation.

Scenario 1

This scenario is one of the most difficult conditions to
evaluate the performance of the controller. Several adversities
are considered simultaneously. Load deflection is considered
as the first disaster. Changes in load are common in all power
systems and these changes are built into this scenario. The
changes in the output power from the solar cell and wind
turbine are other disasters that are considered simultaneously
with the load change, and of course, all these changes are
shown in Figure 11 as multiple disturbances. The results of
applying the reset-fuzzy control method are shown in Figures
12 and 13. Figure 12 shows the amount of frequency deviation
using the proposed, PI and PID controllers. As it is clear from
the figure, in the times after the occurrence of changes and
disturbances in production power and load, the fastest
frequency recovery and removal of frequency deviation,
frequency regulation and the shortest settling time occur by the
planned reset-fuzzy controller. From this point of view, i.e.
speed, PI and PID controllers are ranked next. This figure also
shows that the PID method needs much more time than the
other two approaches to perform frequency regulation,
although the number of frequency response oscillations in the
PID method is less. Another characteristic of the transient
response is the amount of overshoot. The PI method shows a
very high overshoot, while the PID and the fuzzy reset
approaches have less and almost the same overshoot. In
figures 13(a) and 13(b), respectively, the control signals
obtained from applying different controllers are shown
separately and on top of each other. This figure shows the
smooth and flat behavior of the control signal obtained from
the proposed reset-fuzzy and PI approaches, and of course, the
PID technique has a sharper behavior in addition to the large
signal range and of course has a higher slew rate.
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Figure 11. the multiple disturbances in scenario 1
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Figure 12. Frequency deviation under proposed, PI and PID
controllers in scenario 1
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Figure 13. Control signals using proposed, PI and PID
controllers in scenario 1 (a) separately (b) on top of each other

Scenario 2

In this scenario, there are multiple disturbances in the load
and power produced by PV and wind turbines, and of course,
in order to create the most difficult working conditions to
evaluate the performance of the controller, an uncertainty of
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50% is also included in the D and M parameters of the
microgrid. The simulation results in this scenario are shown in
Figures 14 and 15. Figure 14 shows the frequency deviation
and error. In this scenario, a behavior similar to scenario 1 is
observed, that is, the lowest settling time, the highest speed of
frequency recovery and performing the frequency regulatory
action are obtained by the planned fuzzy reset method and of
course, PI and PID methods show the highest frequency
deviation and the highest settling time respectively. The
dominant point of this scenario is the behavioral changes
obtained from the PI and PID methods, because each of them
has suffered from functional weaknesses compared to the
previous scenario. The PI method requires more time to
perform regulation, and in the PID method, unwanted
fluctuations occur in the frequency behavior of the microgrid.
In this scenario, the amount of overshoot and undershoot
obtained from the planned reset- fuzzy technique is much less
than the PI and PID methods, and this characteristic is another
story of the superiority of the designed control approach.
Figures 15(a) and 15(b) show the control signals obtained from
the PI, PID and reset-fuzzy methods in two separate and
superimposed states. The soft and smooth behavior of the PI
and proposed reset- fuzzy controllers can be seen similar to
scenario one. The sharp behavior with a large amplitude and
of course more oscillations are among the characteristics of the
control signal obtained by the PID method in the second
simulation scenario.
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Figure 14. Frequency deviation under proposed, PI and PID
controllers in scenario 2
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Figure 15. Control signals using proposed, PI and PID
controllers in scenario 2 (a) separately (b) on top of each
other

5. CONCLUSION

This paper presented a novel robust hybrid scheme for
islanded microgrid frequency control. First, the model of an
islanded microgrid explained in the presence of various
elements and how it works and the interactions between
different parts presented. Taking into account the basic
considerations for performing frequency regulation which
included the effects of model uncertainty, disturbances on the
microgrid system, load changes, handling nonlinear dynamics,
and of course the simplicity of the controller design, a hybrid
robust approach designed for this purpose. The designed
control technique included three parts: fuzzy, reset with fuzzy
tune, and selector between fuzzy method and reset-fuzzy,
which together formed an effective smart and robust scheme.
To evaluate the performance of the controller, the scenarios
that included the most severe occurrences of uncertainty and
disturbance and changes in production power and load
considered and the effectiveness and ability of the planned
technique evaluated and confirmed from the point of view of
achieving the regulatory goal and improving transient and
permanent responses compared to other conventional control
methods. Considering the limitation on the control signal,
implementing the method on practical and reality microgrids,
developing a control method for microgrid voltage
management and also covering the effects of communication
delay are among the most important directions of future
studies.
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