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A fuzzy logic-based power management system for a hybrid microgrid is
designed in this paper. This designed system is capable to manage the
generations considering the load conditions. Consequently, a balance is
maintained between generations and load. Furthermore, the system is capable
to monitor and manage the storage system charging and discharging as well as
to support the external load by sharing power as per considering the situation.
Moreover, to make this system more efficient it is such designed that, the
storage system will not take any energy from the conventional generation units
of the microgrid. Additionally, it is also ensured that, no power will be
delivered to the external load utilizing storage or generator. The “Fuzzy Logic
Designer” toolbox of MATLAB is used to observe the relationship between
the input and output variables, after establishing the fuzzy sets and rules.
Furthermore, transferring the fuzzy data sets and rules to MATLAB Simulink

and performing different case studies, the effectiveness of the designed system
is verified numerically.
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1. INTRODUCTION

The modern power system is entirely different from the classical one. One of the main differences
includes the penetration of renewable energy sources (RESs). Among a number of RESs, the solar PV and
wind turbine-based systems are mostly utilized in hybrid systems. However, the penetration of the RES is
increasing day by day. Furthermore, the types of loads and their characteristics are also different from
conventional one as most of the modern electrical loads have incorporated electronic components.
Additionally, the modern power system incorporates embedded and distributed generations. Considering all
this matters, the idea of microgrid is becoming widespread day by day. However, the response of microgrid is
quite different from the conventional power grid. That is why the management of energy in a microgrid is a
challenge for the researchers and engineers [1-11]. Most of the problems arise in the microgrid due to
unpredictable behaviour of source and load. As a result, microgrid management and control has become a
prominent research field within the few decades [1-15].

The classical power system includes conventional generation units and classical loads. Most of the
industrial and non-industrial loads are electrical components and show linear characteristics. However, in the
classical system, the key advantage is that, the generations are not distributed and contributed in the system
from some specific point of power stations. Consequently, it is easier to control and manage the whole system
efficiently. Early control concept incorporates droop control i.e. real power-frequency (P-f) and reactive power-
voltage (Q-V) control. Both the P-f and Q-V relationships are linear in nature [15-17].

On the contrary in the modern system, a large number of distributed RESs are penetrating. These
RESs incorporate some problems in the system. The RESs is dependent on weather and unpredictable in nature.
Therefore, it is indeed a challenge to balance the power in the grid at real time. Moreover, most of the RESs
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has very low mechanical inertia due to having no rotating parts. As a result, the transient stability, frequency
and voltage regulation are affected [16-18]. Additionally, the load characteristics are also changed with the
advancement of power electronics. Presently, most of the industrial loads introduce power electronics based
rectifiers, inverters and converters which causes harmonics problem, poor voltage regulation etc [19-23].
Thereby, it is essential for the researchers to introduce recent techniques in the field of microgrid system and
electrical energy management.

A microgrid is usually a small power grid introducing generations and loads in a limited scale.
However, there are some significant technical differences between microgrid and power grid. A typical
microgrid may incorporates renewable energy sources (RES), fuel cells, conventional energy sources (CES),
storage system, loads etc. The microgrid may have the capacity to run independently or it may be a portion of
large grid. It may also have an interconnection with other microgrid or power grid [2—4, 9, 10, 24]. A microgrid
operation can be classified in two modes like stand-alone mode (or island mode) and interconnected mode. In
stand-alone mode the grid is independent to generate and consume the power. However, it is also independently
responsible for balancing its power, frequency regulation, voltage regulation etc. On the other hand, in
interconnected mode the microgrid is interconnected with any other microgrid or a large power grid. In that
case the power generation and balancing are influenced by the other connected microgrid or system.

Like a power grid, it is important to maintain a balance between the generation and consumption in a
microgrid. Otherwise, the frequency and the voltage of the system will not remain within the desired range. In
classical system, the balance was obtained by controlling the generation with load variation. Consequently, the
voltage and frequency were kept in a desired range. However, due to the presence of distributed RES in a
microgrid it is not effective to incorporate classical control scheme. As a result, frequency regulation and
voltage fluctuation are common problems for the microgrid [1, 3-5, 16, 17]. For these reasons it is essential to
develop effective power management schemes for microgrid. However, designing an effective power
management scheme also has a great importance in modern power engineering sector.

The microgrid related research has become prominent over the decades with the RESs being popular.
A microgrid containing RESs, usually have the problem of frequency and voltage fluctuation. Additionally,
the microgrid has low mechanical inertia due to having high RESs penetration [2, 10, 11, 18]. It results more
frequency fluctuation even if a small disturbance occurs. Moreover, power balancing and management is a
vital issue as most of the RESs are dependent on weather and are not always predictable. The issue becomes
severe with the fluctuation of loads connected to the microgrid. That is why, most of the time unbalance power
occurs in microgrid. So, research related to frequency regulation and providing virtual inertia to the microgrid
is becoming popular. Significant amount of research have been done addressing these problems [1-15, 18, 25].
Another vital research field related to microgrid is the stability issues. This field incorporates the oscillatory
behaviour of the frequency and voltage, due to some sudden change of load or generation [15-17]. In total, the
microgrid control and management concept incorporate the field of frequency and voltage regulation and
transient and other stability either collectively or individually. However, it also incorporates the issue of power
balancing and sharing.

A number of control schemes are developed to control the micro grid [1-9, 11, 14]. Some researchers
also incorporates the artificial intelligence (Al) as the primary tool or the secondary one to control and manage
microgrid [12-15, 18, 25-30]. Among the application of all Al schemes, fuzzy logic based control is most
popular especially for the power system engineers and industrial electronics application sector. Fuzzy logic is
a simple and helpful tool instead of classical Boolean logic in so many applications of science and engineering.
Fuzzy logic-based control scheme is popular to the researchers for having several advantages like reliability,
accuracy, simplicity, as well as easy to implement. Furthermore, It is used as a reliable tool for power system
control, motor speed control, aerospace control, power converter control, Maximum Power Point Tracking
(MPPT) algorithm of solar photovoltaic (PV) system etc [10-15, 25, 28, 30—35]. However, some other recent
significant research strategies regarding microgrid control include multi-agent-based control, fuzzy logic
control, particle swarm optimization (PSO) techniques, modified hill climbing methods etc [2, 4, 11-15, 25,
31, 32].

In this paper, a fuzzy logic-based control and management scheme for a hybrid microgrid is designed
and verified through simulation and case studies. The major control objectives include as follows,

e To control the total power generation in microgrid considering the load variation.

e To manage the power required for storage system considering both the load variation and charge
storage system.

e To manage the power delivered to another grid considering both the load variation and charge storage
system.

To prevent the storage system from drawing power from diesel generators.

To prevent the generators and the storage system to supply power in the case of external load

requirement.
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The paper is organized as follows. An overview of fuzzy logic-based system is given in section 2. Furthermore,

the structure and working principle of the hybrid microgrid is illustrated in section 3. In section 4 control
architecture of the proposed fuzzy controller is discussed. The results and several case studies are discussed
in section 5 to verify the effectiveness of the proposed scheme. At last a conclusion is drawn in section 6.

2. AN OVERVIEW OF FUZZY LOGIC-BASED SYSTEM

Fuzzy logic can be defined as a multi-leveled logic system, where the range of level lies between 0 to
1. Fuzzy system is different from Boolean system as in the Boolean system there are two discrete levels either
0 or 1. On the contrary instead of totally “True” or “False” concept, there are options to incorporate “partial
True” or “partial False” concept in fuzzy logic-based system. Consequently, it is a powerful mathematical tool
for data manipulation and forecasting [36, 37]. Figure 1 represents a typical architecture of a fuzzy based
system. The inputs are converted to fuzzy set with the help of fuzzification, which is a procedure to convert
the numerical input to a degree of membership which has a range of [0, 1]. The Fuzzy system evaluates outputs
based on input fuzzy sets and the given rules. The outputs are further converted to numerical values using
defuzzification. Usually the fuzzy logic system is operated using the following two equations:

OCIHA(X) *uB(y)]= LA(X) N uB(Y) 1)
_ Jxrpuf(x)dx
T [u@dx 2)

- LA
Intelligence
=)

Output
Fuzzy Set

Figure 1. A typical fuzzy logic control-based system.

3. STRUCTURE AND WORKING PRINCIPLE OF THE CONSIDERED HYBRID MICROGRID

The structure of the considered hybrid microgrid is illustrated in Figure 2. This microgrid has both
AC and DC buses. The solar PV is considered as RESs for this microgrid. For simplicity, two identical solar
PV units, having total capacity of 4.0 KW are considered here for operation. Similarly, there is a storage system
also having capacity of 2.0 KW. Additionally, the system contains two diesel generators having capacity of 2.0
KW each. The loads are connected to the AC bus and thereby it is assumed that all the considered consumptions
are from AC bus. There is an inverter connected between AC and DC bus. This microgrid has its total capacity
of 10 KW.

In this proposed hybrid microgrid the power balancing and management is performed using the fuzzy
logic controller. The microgrid have solar PV and diesel generations as well as a storage system. When the
load is low the RESs are utilized to meet the power demand. Moreover, When the load is high the storage and
diesel generators support the demand gradually. However, there are also some restrictions for storage not to
take power from the diesel generators and no power will be transmitted to external load from storage as well
as from generators.

DC Bus

AC Bus

Control Signal Countrol Signal

Solar PV

e
n
e Inverter
Deisel
Generator
Solar PV Unit 2

unit 2

Input Input

Storage Signal Signal

Units ) - External
Fuzzy Load
Controller

Figure 2. The structure of the proposed system.

4. CONTROL ARCHITECTURE OF THE PROPOSED FUZZY CONTROLLER
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4.1. Input and Output Parameters

The microgrid usually operates at a frequency of 50 Hz at a nominal load of 5 KW. The change of
frequency (Af) is considered as one of two input variables for managing the system. The frequency change
represents the load changing condition in the microgrid. The State Of Charge (SOC) of storage unit is
considered as another input, which represents the status of stored energy in the system. For designing the input
membership function the inputs are divided into several steps. Table 1 and 2 shows the details numerical range
of two input membership functions.

On the other hand, three quantities will be considered as output variables. They are, power generation
in microgrid (P_G), the power required for storage system (P_S) and the power delivered to external grid
(P_D). The output variables are also divided into several steps for forming membership functions. The output
variable “power generation (P_G)” is divided into several schemes for better understanding. Table 3 to 5 shows
the details numerical range of three input membership functions.

Table 1. Steps of membership functions for input variable “Change of frequency (Af)”

Steps Membership Range (Hz.)
Very Negative (V_Neg) -1t0-0.5
Negative (Neg) -1t00
Zero -0.5t00.5
Positive (Pos) Otol
Very Positive (V_Pos) 05t01

Table 2. Steps of membership functions for input variable “State Of Charge (SOC)”

Steps Membership Range (in %)
Very Low (V.Low) 25-50
Low 25-75
Medium (Mid) 50-100
Full 75-100

Table 3. Steps of membership functions for output variable “Power Generation (P_G)”

Schemes Significance Membership
Range (KW)
Schemel (S1) One unit of Solar PV supports 0-2.5
Scheme2 (S2) Both units of Solar PV support 0-5.0
Scheme3 (S3) Both units of Solar PV and Storage system support 25-75
Scheme4 (S4) Both units of Solar PV, Storage system and One unit of diesel generator support 5.0-10.0
Scheme5 (S5) Both units of Solar PV, Storage system and both units of diesel generator support 7.5-10.0

Table 4. Steps of membership functions for output variable “Power for Storage (P_S)”

Steps Membership Range (KW)
Zero 0-0.05
Low 0-1.0
Medium (Mid) 0-2.0
High 1.0-2.0

Table 5. Steps of membership functions for output variable “Power Delivered to Grid (P_D)”

Steps Membership Range (KW)
Zero 0-0.05
Low 0-1.0
Medium (Mid) 0-2.0
High 1.0-2.0

4.2. Fuzzy Rules

The fuzzy rules are developed considering various combinations of input variable steps to design the
proposed control and management scheme. The different steps of output variables are set at different input
conditions. These rules are presented in Table 6 to 8. The output variables P_G is manipulated considering the
change of frequency (Af) of microgrid, which is directly dependent to the load connected to the grid. The other
variables P_S and P_D are manipulated considering both the frequency change (Af) and SOC of storage unit.

Table 6. Rules for controlling “Power Generation (P_G)”

A Fuzzy Logic Based Power Management System for a Hybrid Microgrid (Md. Shamsul Arifin)
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Af V_Neg Neg Zero Pos V_Pos

P_G S5 S4 S3 S2 S1

Table 7: Rules for controlling “Power for Storage (P_S)”

Af - V_Neg Neg Zero Pos V_Pos

NoJol

V.Low Zero Zero Mid High High
Low Zero Zero Low Mid High
Mid Zero Zero Low Mid Mid
Full Zero Zero Zero Zero Zero

Table 8: Rules for controlling “Power Delivered to Grid (P_D)”

Af - V_Neg Neg Zero Pos V_Pos

SoC L

V.Low Zero Zero Zero Low Mid
Low Zero Zero Zero Mid Mid
Mid Zero Zero Zero Mid High
Full Zero Zero Zero High High

5. RESULTS AND OBSERVATION
5.1. Simulation model

For verifying the effectiveness and functionality of the proposed fuzzy system, the simulation is
performed considering the fuzzy sets of input and output variables and fuzzy rules as described in section 4.
The “Fuzzy Logic Designer” toolbox of MATLAB is used for simulation. Figure 3 represents the simulation
model of the proposed fuzzy system. The system has two input variables (Af and SOC) and three output
variables (P_G, P_S, P_D) as discussed earlier. It also incorporates a processor unit, which can process data
considering inputs and exhibits proper results. Figure 4 to 8 represents the graphical representation of
membership functions of input variables Af, SOC and output variables P_G, P_S, P_D.

00E — SES
py Processor %
XX —"

Figure 3. Model for Simulation.

Membership function plots

V-Meg Neg Zero Pos V-Pos

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
input variable "Af

Figure 4. Membership functions of input variable “Change of frequency (Af)”.
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Figure 5. Membership functions of input variable “State of charge (SOC)”.
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Figure 6. Membership functions of output variable “Power Generation (P_G)”.
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Figure 7. Membership functions of output variable “Power for Storage (P_S)”.
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Figure 8. Membership functions of output variable “Power Delivered to Grid (P_D)”.

5.2. Results from simulation
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The results are obtained setting the fuzzy sets and rules to the “Fuzzy Logic Designer” toolbox of
MATLAB. The relationship between the output variables and the input variables are presented in Figure 9 to
11. Figure 9 represents the relationship of P_G to the input variables Af and SOC. Similarly, Figure 10
represents the dependency of P_S on Af and SOC. From this relationship it is observed that, the battery storage
depends on Af and SOC. Moreover, the storage system will not take any energy when the diesel generators are
generating power.

Furthermore, the relationship among P_D, Af and SOC is presented in Figure 11. From this
relationship, it is evident that, the amount of P_D is dependent on on Af and SOC. Furthermore, no power will
be delivered to the external load utilizing storage or generator.

AN soC

80

05 ~ 100 s0C
Af !

Figure 10. The relationship of P_S to the input variables (Af and SOC).
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40
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Figure 11. The relationship of P_D to the input variables (Af and SOC).
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5.3. Case studies and observations

The fuzzy data sets and rules are further transferred to MATLAB Simulink for performing different
case studies. These cases are selected considering the objectives as mentioned in the introduction section. These
case studies prove the effectiveness of the proposed control system quantitatively. Furthermore, these cases
assist to verify the achievements of control objectives. Figure 12 shows the Simulink model of the proposed
system for different case studies.

PG »
of
PS
Af
»SOC PD

S0OC Fuzzy System Scope

Figure 12. Simulink model of the proposed system.

Case-1: The total power generation (P_Q) is adjusted considering the frequency variation (Af).

Assuming the system operating at normal load (Af=0), the load is increased setting Af= -0.5. The
response of P_G of this change is presented in Figure 13. From this figure it is evident that the P_G is adjusted
considering Af.

0.1+

Af

0.3

0.5

75~

P-G (KW)
@
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T T
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T
1

55

| | | | | I | | |
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Figure 13. Verification of adjustment of P_G considering Af.

Case-2: Power for Storage (P_S) is controlled considering both the frequency variation (Af) and State
of Charge (SOC).

In this case initially it is considered that the storage system is full (SOC=100) and the system is
operated at normal load (Af=0). The change in P_S is observed numerically, by setting Af=0.5 and SOC=50.
The response of P_S is illustrated in Figure 14, which proves that P_S is controlled considering both Af and
SOC.

0 1 2 3 4 5 [} T 8 9 10
Time (s)

Figure 14. Verification of adjustment of P_S considering Af and SOC.

A Fuzzy Logic Based Power Management System for a Hybrid Microgrid (Md. Shamsul Arifin)



342 a ISSN: 2089-3272

Case-3: Power Delivered to Grid (P_D) is controlled considering both the frequency variation (Af)
and State of Charge (SOC).

In this case initially it is considered that SOC=100 and Af=0. The final value of Af and SOC is adjusted
to 0.5 and 75 respectively. The numerical change of P_D is illustrated in Figure 15. It verifies that P_D is
controlled considering both Af and SOC.

T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10
Time (S)

Figure 15. Verification of adjustment of P_D considering Af and SOC.

Case-4: The storage system cannot draw power from diesel generators.

To verify this case, it is considered that the SOC of the battery is always low. Setting a low value of
SOC=50 and change the Af from 0.5 to -0.5 the response of P_S is observed. When Af'is set to -0.5 the diesel
generator starts contributing to the system. As a result, although SOC is low the Power for Storage (P_S) will
shift to zero as illustrated in Figure 16. It signifies no power will be drawn from diesel generators to charge the
storage system.

05 -

I
1
[}
n.u‘s. \

oC | | 1 i T T T T
0 1 2 3 4 5 ] 7 8 9 10
Time (s)

Figure 16. Verification of drawing no power from diesel generators to charge the storage system.

Case-5: The generators and the storage system cannot supply power in the case of external load
requirement.

For this case, the value of Af is changed to -0.5 from a value -0.5. The SOC value is considered to
100. The numerical value of P_D is shifted to zero, when Af=-0.5 i.e. the storage system and diesel generators
contribute to the system. It signifies that no power will be flow to the external load when the generators and
the storage system are working. The response of P_D is illustrated in Figure 17. It also signifies that only RESs
can contribute to external load.
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Figure 17. Verification of drawing no power from diesel generators and the storage system to
external load.

6. CONCLUSION

In this paper, a fuzzy logic-based power management system is proposed for a hybrid microgrid. The
microgrid has RES, diesel generators as well as a storage system. Actuating the change of frequency (Af) the
amount of generation (P_Q) is controlled. Furthermore, with the help of both change of frequency (Af) and
SOC of the battery the power required for storage system (P_S) and the power delivered (P_D) to another grid
is controlled. The functionality and the effectiveness of the system is verified using results and case studies as
presented in the paper. Additionally, it is ensured that, the battery will not take power from the generation when
the loads are high and diesel generators are contributing to meet the load demand. It prevents the storage to
draw the power from diesel generators. Furthermore, the system is such designed that no power will be supplied
to the external grid or network if the batteries or generators contributes to the generation. It also indicates that,
the generators and the storage system will not contribute to the generation if there is any external load
requirement. Consequently, the objectives mentioned in introduction are achieved.

The future work may incorporate the dynamic solar model for the management of the microgrid.
Additionally, the transient conditions analysis of the microgrid after incorporating the proposed management
scheme can also be a good research work. To implement the proposed scheme using microcontroller or
embedded processor-based systems is also a vital research project.
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