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Abstract

Frequency control is one of the key parts for the arrangement of the performance of a microgrid (MG) system.
Theoretically, model-based controllers may be the ideal control mechanisms; however, they are highly
sensitive to model uncertainties and have difficulty with preserving robustness. The presence of serious
disturbances, the increasing number of MG, the varying voltage supplies of MGs, and both the independent
operations of MGs and their interaction with the main grid make the design of model-based frequency
controllers for MGs to become inherently challenging and problematic. This paper proposes an approach that
takes advantage of the interval Type-II fuzzy logic for modeling an MG system in the process of its robust H.
frequency control. Specifically, the main contribution of this paper is that the parameters of the MG system
are modeled by interval Type-II fuzzy system (IT2FS), and simultaneously, MG deals with perturbation using
the H.. index to control its frequency. The performance of the microgrid equipped with the proposed modeling
and controller is then compared with other controllers such as H, and p-synthesis during changes in the
microgrid parameters and occurring perturbations. The comparison shows the superiority and effectiveness of
the proposed approach in terms of robustness against uncertainties in the modeling parameters and
perturbations.
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1. Introduction

Power systems are large-scale complex systems
facing different uncertainties and perturbations.
They challenge stability, frequency regulation, and
control in cases of connected and disconnected
modes. Therefore, various standards have been
suggested in order to use them. In 1998, the
Consortium for Electric Reliability Technology
Solutions (CERTS) introduced the microgrid (MG)
concept. The MG concept has been studied by
different authors [1]; it integrates small scale
distributed energy resources into electricity
distribution networks. Today, using microgrids are
being normal.

A key feature of MG is its ability to serve as a
single self-controlled entity (island mode). In the
island mode, MG is responsible for critical loads.
More specifically, functional complexity, diversity
in load, and uncertainty are the most important
features of MG [2]. In the comparison of the

traditional approaches of centralized grids,
microgrids are expected to be more robust.

From the benefits of MGs, we can mention their
increasing reliability, efficiency, and the ability to
reduce costs and power distribution feeders, and
transmission losses. However, it suffers from some
issues such as proper power sharing among
distributed generations (DGs) in a typical
microgrid, frequency, and voltage fluctuation [3,
4]. The extensive use of different kinds of
distributed power sources to influence the quality
of the power supply within an MG power system
causes many control problems, even though it also
provides high reliability and flexibility in the
placement of distributed generation. In [5], an
approach has been suggested the primary and
secondary controllers are designed in low-inertia
power grids using the inverter-interfaced
generation.

A number of control strategies have been proposed
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for microgrid systems such as the proportional-
integral, predictive deadbeat, and proportional-
resonant strategies.

The important feature in the control system of MGs
is frequency. A traditional method for frequency
control has been proposed in [6] based on zero-
crossing. Another frequency controller has been
proposed based on the modified zero-crossing
method [7] and smart discrete Fourier transform
(DFT) [8]. In [9], the conventional proportional-
integral (PI) controllers have been used to reduce
the frequency oscillations. In [10], the authors have
presented a mechanism for the frequency control of
an island microgrid through voltage regulation. A
control strategy based on the consensus algorithm
has been proposed in [11]. In [12], a decentralized
proportional-integral (PI) control design has been
proposed for frequency control in a multi-area
power system. Most of the controllers are sensitive
to the system uncertainties [13]. Hence, robust
controllers seem the first option to be used in
control applications of power systems.

In [14], an interval Type-ll fuzzy PID load
frequency controller has been proposed that uses
the Big-Bang-Big Crunch algorithm to tune the
scaling factors. In [15], frequency fluctuation in an
MG system has been examined by combining the
electrolyzer system and the fuzzy PI controller. In
[16], based on robust control principles, an
approach for synchronizing microgrids with utility
has been presented. In [17], a multi-distributed
energy resource microgrid has been proposed for
power-sharing in both the interconnected and
island modes. In [18], a robust controller has been
designed for generator excitation systems. In [19],
for an island microgrid, a robust control strategy in
the presence of load un-modeled dynamics has
been proposed. A robust control strategy has been
suggested in [20] for an island microgrid that
regulates the voltage value of load in the presence
of non-linear conditions. In [21], a robust optimal
control has been proposed, which can provide the
highest economic profit of the control schedule. In
[22], a load frequency control has been proposed
for a microgrid using communication networks and
a robust sliding mode control strategy to overcome
power unbalance.

Although robust control strategies provide many
advantages, they suffer from the drawback that
they focus on improving more the steady state
behavior of the system such as tracking and
disturbance rejection than the transient behavior.
They do this by lumping all of the factors together
into one block. However, the difficulty of the
unmolded dynamic appears mainly in the transient
response that produces fluctuations. Dealing with
these fluctuations is very important in power
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systems due to the problem of the peak of
consumption. In addition, the basic models of most
systems are non-linear; the linearizing model has
been suggested as a solution to reduce
complication in controlling the system. Therefore,
the nominal model has only quasi-steady
dynamics. Indeed, two different problems emerge
in controlling MG, namely the control signal
dealing with perturbation and the uncertainty in
modeling. Note that both problems demand the
employment of numerical approaches that impose
a computational burden on the system. In contrast
with the alternative approaches, this paper
proposes to tackle these problems separately.

In fact, the main contribution of this paper is that
the interval Type-I1 fuzzy logic is used for handling
uncertainty in MG modeling, while H., frequency
controller is used to handle perturbation in the
control process of the MG. Modeling and
controlling processes of the proposed system are
done separately but simultaneously by interval
Type-ll fuzzy logic and H. robust control,
respectively. Working these parts separately and
simultaneously helps balance the power generation
and load demand in MGs. More specifically, the
proposed approach improves not only the steady-
state behavior of the system but also the transient
behavior that leads to reduce frequency
fluctuations and keep the microgrid stable. In the
latter, we seek the uncertainty that exists in the
microgrid model parameters, a necessary part for
the design of model-based controllers. In the
former, on the other hand, the controller is designed
when the model is fed into the structure in the
presence of perturbation. The control problem of
MG is presented in this paper, and it is analyzed for
nominal performance (NP), robust stability (RS),
and robust performance (RP). The results show the
robustness and adaptation ability of the proposed
system.

The rest of this paper is organized as follows. After
this introduction, Section 2 reviews interval Type-
Il fuzzy system. Section 3 discusses the proposed
interval Type-Il fuzzy microgrid modeling. Section
4 details the proposed controller. Simulation results
are studied in Section 5. Conclusion is drawn in
Section 6.

2. Preliminaries

The concept of Type Il fuzzy set has been
introduced by Zadeh [23] as the extension of Type
| fuzzy sets. Although Type | fuzzy set is the most
popular version of fuzzy logic [24], recent research
works show a significant improvement in the
performance using Type Il fuzzy logic.

A Type Il fuzzy set denoted by A is characterized
by a Type Il fuzzy set as follows [25]:
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in which J, is referred to as the primary
memberships  of x ando<g(xu)<1. The

uncertainty in Type Il fuzzy set is called the
footprint of uncertainty (FOU) that is a union of all
primary membership functions. If we set ,;(x,u)

with 1 for every u, we obtain interval Type Il fuzzy
set (IT2FS) that can be described by an upper
membership function and a lower membership
function as follow:

)

K[ AA]
and,

Fou (#)-U[a 4]

The structure of the interval Type Il fuzzy logic
system (IT2FLS) is similar to Type I. An interval
Type |l fuzzy logic system (IT2FLS) is described
using at least one interval Type Il fuzzy set. An
IT2FLC is illustrated in figurel that includes
interval Type-Il fuzzifier, rule-based, inference
engine, and output processor containing type
reduce and defuzzifier.

3)

QUTPUT

PROCESSING | CRISP
=== == 2| OUTPUT

DEFUZZIFIER ] —>

—
TYPE

CRISP
INPUT

REDUCED

. INFERENCEH SET

| ey s
FUZZY INPUT FUZZY CUTPUT
SETS

SETS
Figure 1. Block diagram of IT2FLC.
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The fuzzifier maps a real-valued variable into
interval-Type II fuzzy sets. In a singleton fuzzifier,
the output is a single point of a unity membership
grade. The knowledge of experts will be converted
into a set of fuzzy IF-THEN rules. The j, rule in
IT2FLS can be written as below:

If x,is Aband x,is Aband...and x, is A® (4)

thenoutput is 8% ji=1..M

where M is the total number of rules and x; is the
input of IT2FLS, and B and A are interval Type Il
antecedent and consequent fuzzy sets. The
inference engine combines rules and gives a
mapping from input IT2FSs to output IT2FSs. The
firing set is generally obtained as follows:

()

If x,is Aband x,is APand...and x, is A®
thenoutputis gb j=1.,.M
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Note that the firing strength of Type I, ith rule is
as follows:

Fi=[f.%] ©)

where fi f; are the lower and upper firing degrees
of rule i:

fi :HﬁAi (%) @)

ii:ljﬁ_w(xk)

A type-reducer converts interval Type Il fuzzy sets
into Type | [26]. Most of the type reduction
methods are based on computing the centroid of an
IT2FS. Among different type reductions, the center
of sets is widely used and obtained by iterative
algorithm Karnik-Mendel [26]. In IT2FLS, the
output of type reducer is an interval set.
Defuzzification is achieved by obtaining the
average of endpoints.

3. Proposed interval type- Il fuzzy model of
microgrid

In this paper, a microgrid system is comprised of a
control system, diesel generator, a micro-turbine
(MT), an AC load, a hydrogen tank, and
renewable-energy-utilizing generators such as
wind power, photovoltaic (PV), proton membrane
fuel cell (FC) is considered. Wind and photovoltaic
generators have the disadvantage of being unstable
parts.

3.1. Uncertainty in microgrid
The microgrid model we consider here has seven
inputs: loads, wind turbine generator (WTG), PV,
MT (micro-turbine), FC, FES (Flywheel energy
storage), and BES (Battery energy storage) and a
measured output: frequency.
The main set of uncertainties about the MG model
would include:
e Uncertainty in the generation, the
consumption, and the distributed generation
(DG) that makes deflections in energy
generation
e  Uncertainty in the linear approximation of
the dynamic of MG due to specific non-linearity
existing in the real system.
As a first approximation, this arises from the
uncertainties in the wind turbine, photovoltaic
coefficients, which vary with wind and solar
conditions as well as uncertainty in the exact
geometry of the battery.

e Uncertainty in the force.
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An even more detailed view is that energy
generates the forces by changing the flow in very
complex ways.
Thus, there are uncertainties in the force that goes
beyond the quasi-steady uncertainties implied by
uncertain coefficients.
e Uncertainty in AP produced by the DG
generated forces.
This arises from the uncertainty in the various
parameters of the component power systems.
e Uncertainty due to neglected dynamics
such as consumption conditions.
e Other forms of uncertainty that are less
known.
In this paper, the uncertainty is modeled in this
detailed manner, using IT2FS. This model
approximates quasi-steady dynamics. IT2FS
handles  uncertainties in  modeling by
approximating the unknown non-linear dynamics
of power systems; then these sections are lumped
into one block uncertainty at the input of an 8-state
the MG system.
In addition, the value of a control signal is an
important aspect of the controller design. There is
also uncertainty related to it in the form of
perturbation, as discussed above. In this paper, Ho,
controller is used to addressing this issue.

3.2. Formulation of interval type-lIl fuzzy
modeling
Wind and photovoltaic generators are naturally
unstable; they can cause a sudden frequency
fluctuation to easily occur. This type of fluctuation
cannot be effectively reduced by dynamic
modeling approaches; therefore, they are usually
ignored by approaches. This is also true for
harmonic results from power electronic devices
connecting MGs to the main grids such as
converters, and the fluctuations resulting from the
main grid frequency fluctuations.
The system includes loads, WTG, PV, MT, FC,
FES, and BES. Power electronic devices are used
to invert the DC voltage to the AC voltage in
charging and dispatching modes, and vice versa,
for BES systems.
The structure of a total power generation source (P)
is generally as [2]:

®)

Road = Road + Pur + Rvre + Pev + Pec £ Pags £ Pees

The actual implementation requires power
produced in DEG, MT, and FC to compensate for
the fluctuation in WTC, load, and PV.

The power produced by RES (PV and WTG)
depends on the environmental condition. As
discussed in Sub-section 3-1, due to the
uncertainties in load demand, solar radiation, and

wind speed, there are deviations from the actual
value. To dead with the uncertainties, the interval
Type-Il fuzzy model is used for WTG, DEG, FC,
MT, FES, PV, BES, and load. The structure of the
proposed model is depicted in figure 2. As seen,
frequency fluctuation, Af , is affected by AP as
follows:

. C)]
Af -0 if AP —>0

s Tpees+1

Controller— ) 1

/\ T‘ch +1
FC

1
/w\ T‘Mrgs +1

| PPyr |

1

VPges
45\ Tepss +1
L VPges
{Es\ Tgess +1
Figure 2. Proposed interval Type 11 fuzzy dynamical

model.

The used MG model is an eight-state linear time-
invariant model as follows:

Be= Ax+[B,B][u, w] (10)
y=Cx

and
X" =[ARyr6, APoy . APogg , AP APy (1)

'APBES, APFES ,Af]
T
W ZI:APWind’AP(p'APLoad]
y =Af
where x is the state variable vector, w is the
exogenous disturbance signals, and u is the control
signal input and y represents the output variable.
The main source of uncertainty in the underlying
framework is the uncertain parameters of the given
MG leading to uncertain dynamics or more

specifically, to uncertain matrices A, By, B,,C,
and D. Therefore,

Be= %H[Ig/glgf’][uw] ,
y=0%

(12)
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where,
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Now, note that, as discussed in Section |1, for every
interval Type Il fuzzy set [25], we can write:

fo=[1,7] (14)
where £, f, are lower and upper of F. Therefore, it
can be written as:
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)&:[A’E\JXJ{BZ,B_Z]U{Q,E]W (15)

y=[C.C]x
In figure 3, the steps of fuzzifying matrices and

producing lower and upper bound of matrices are
shown.

Rule Base

Fuzzifier .
] Ve
et

Inputs

Figure 3. Fuzzifying matrices T: 4, B, C.
As seen in figure 3, the output of each
approximator is Type 1 fuzzy number T , T. The

related transfer functions G and G can be computed
as follows:
G=C®(sl!

A)®B (16)

Gzé@(srl A)@E‘;

The operator © represents © or ® is defined
based on the extension principle as:

H (h)= sup min(f (v),g(t))

h,v,te R®

(A7)

Once Type Il fuzzy G is computed, it is type-
reduced and defuzzified to get the crisp transfer
function. Then, it is fed into the structure. We use
the center of sets defuzzifier, see figure 4, then we

obtain the applied transfer function G.

Figure 4. Applied transfer function.

4. Proposed H , frequency controller
The H, controller determines a feasible robust

controller by minimizing the infinite-norm [ ] as
follows:

Tawe <1 (18)

where T,, is the transfer function matrix of the
nominal closed-loop system from the disturbance
input signals to the controlled output signals. The
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process H_ controller is to design controller gain
K, such that (18) has been satisfied. Due to
internally stable of T, robust stability and normal
stability are satisfied. The nominal performance
criterion for the closed-loop system can be
described as follows:

W, (1 +GK)™ (19

N <1
WoK(I+GK)™ |
where w, and w, are the weighting functions that

are chosen to improve the nominal performance. In
addition, the robust performance criterion is as
follows:

W,(1+GP)™
n <
K(I+GP)™

(20)

We define the generalized transfer matrix includes
the weighting matrices (that specify the restriction
of design) and plant G as follows:

0 -W,G 1)
0 _WdeWd
Wy -G

The overall structure of the proposed controller is
depicted in figure 5.

APyring and APpy

—> AP Af
—'——)- AProger System

_

Figure 5. Proposed controller.

Figure 6 shows the system setup for robust
performance. In that, z represents the desired
performance signals and y = Af is the measured
output. In addition, Ais a diagonal matrix that
represents the parametric unmolded dynamics and
perturbation effects.

f‘) o ’2 P = T

Figure 6. System setup for robust performance.
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o
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Figure 7 demonstrates the LFT framework of the
proposed structure, which is based on the singleton
IT2FS approximation.

Perturbutiong, ’7 Perturbution,,,
z
W(s)

Disturbation

_Control

K(s

Figure 7. LFT framework of the proposed structure.

Also, we define A as follows:

A ={diag[ 51, Sl Ay ) 22)
5, eC A, eCl™™
By this A, we define u function as follows:
(23)

#,(M)=1/min{o(A):1 -MA|=0, AcA|

5. Simulation results

The control objective is:
1)  Maintaining frequency fluctuations bounded
at a constant interval.
2) Disturbance rejection.
3) Satisfy nominal performance, robust stability,
and robust performance.
Figure 8 presents the interval Type Il fuzzy models
for the system parameters of the given microgrid.
Bode plot of the nominal and disturbance model of

& is depicted in figure 9. Singular value of
nominal and disturbance model & is depicted in

figure 10.

MT BES FES

ai
5
Q

PV

i

Figure 8. Interval Type II fuzzy model of microgrid’s
parameters.
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10

A magnitude plot of performance of weighting
function w, and uncertainty weight w, are

depicted in figure 11. Nominal performance and
robust performance with H,, controller are
depicted, respectively, in figures 12 and 13. As
seen, both criteria (19-20) are satisfied and are
always less than 1. Figure 14 shows the closed-
loop time response and disturbance rejection with
H-infinity controller when the reference signal is
Af =0.

The simulation results of the proposed approach
demonstrate a suitable performance. The
comparison of the proposed approach with the
alternative robust controllers is provided in table 1.
This table shows the MSE (minimum square error)
of the deviation of Af from zero according to the

changes in the different independent variables of
AP g+ ARy aNd AP, .

45

Magnitude

10° 10
Frequency (rad/s)

Magnitude

1 4

102 10° 10 10°
Frequency (rad/s)
Figure 11. Uncertainty Weights (above) and

Performance of weighting function (below).

10° 10

It should be mentioned that these factors are
independent of each other but Af depends on all of

them. We consider the changes one by one, two by
two, and even all three; then we measure the
deviation of Af from zero. As shown, the proposed

approach provides significantly better performance
than do the cases of H, controller, H,controller,

and u —controller in terms of the MSE of
frequency fluctuation with the different changes of
the wind, solar, and load inputs. It is clear from the
simulation results, Type Il fuzzy-based parameters
lead to better results. In fact, the footprint of IT2FS
leads to better handling of uncertainty in modeling
a microgrid that yields minimizing frequency
deviations of the system against uncertainties as the
results show.

In figure 15, the comparison of the bode diagram
of the proposed approach with alternative
approaches is shown. In the wind power, we
consider a step change, as shown in figure 16 (top).
The frequency response of the proposed approach
and the alternative controllers of H. and Type 1
fuzzy H.. are shown in figure 16 (bottom).



Sabahi/ Journal of Al and Data Mining, Vol 8, No 1, 2020.

0.075 T T T T

0.07

0.065

0.06 [

Performance Value

0.055

0.05 :
107 102 107! 10° 10° 102 10%
Frequency(rad/s)

0.06

0.05

o o

=} =}

) =
T

Performance Value

I
o
N}

0.01r

0 ‘ . . ‘
10 102 107 10° 10 102 10°
Frequency(rad/s)

Figure 12. Nominal Performance (above) and Robust
Performance (below).

> o
—

[N
T

Performance Value
o
o =

o
=

0 2 4 6 8 10 12 14 16 18
Size of Uncertainty
Figure 13. Worst-Case Performance with H-infinity

Controller.

Table 1: Comparison of the proposed and alternative approaches against changes.
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Figure 14. Closed Loop Time Response (top) and
disturbance rejection (bottom).

The suggested controller indicates a suitable
performance and is robust against changes in
parameters values. That is the main advantage of
using Type Il fuzzy logic in the modeling of the
microgrid for the H., model-based controller. This

is a valuable result in power systems.

Type of Controller AP

Load APWind AP{/J APWind AI:)Wind APLoad AP(/’
AP(/) AF)Load Al:)V) AI:)Wind
AF)Load
He 0.23 023 0.26 0.87 0.69 0.71 0.81
H> 0.25 0.29 0.27 0.78 0.91 0.78 0.71
u-synthesis 0.20 0.27 0.23 0.65 071 0.61 0.61
Proposed 0.15 0.20 0.17 0.32 0.25 0.37 0.32
Approach
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Figure 15. Comparison of alternative controllers.
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Figure 16. Comparison of the controller against wind

power changes.

6. Conclusion

Microgrids will have an important role in the future
electrical power system. To tolerate uncertainties
existed in the microgrid model by interval Type 1l
fuzzy system and H, frequency control analysis,
the proposed system presented an enhanced model
and control methodology and applied to a typical
microgrid. The proposed system has robustness
against the effects of high-frequency non-modeled
dynamics. The simulation results show that the
proposed approach can reduce the frequency
fluctuations and preserve the microgrid stability
during changes in its parameters. The proposed
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approach, due to considering IT2FLS and
H,, control helps the balance of power generation
and load demand in the microgrid. Therefore, the
proposed approach makes the system more reliable
and efficient in the presence of uncertainties and
perturbation.
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