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[. INTRODUCTION

The main challenge in associate islanded Micro ¢Kitf3) is the frequency stability due to the inhérdem-inertia
feature of distributed energy resources. That iy,wénergy storage devices, are utilized in MGs has gromising
sources for grid short-term frequency regulatioholigh energy storage devices, improve the dynap@cation of the
load-frequency control (LFC) system, these devite®ase system costs. Moreover, the modificatiaimeertainty of
the system parameters will significantly degrade flerformance of the conventional LFC system. dttiisle proposes
the execution of rotating-mass-based virtual ireeiti Double-Fed Induction Generator (DFIG) to suppthe first
frequency control associated an adaptive Neuro-ffuaference System (ANFIS) controller, as secondi@aguency
control. The simulation conclusions illustrate thihe suggested control scheme ameliorate the dynaperation of
the LFC system and also the studied islanded MGaimsnstable, despite severe load variation and peetiic

inherent low-inertia feature of Distributed Enerlggsources
(DERS). That is why, energy storage equipment, leeaf

In recent decades, the use of renewable energy hagheir rapid response time and ability to charge disdharge

enhanced, the main cause of which is environmeuialtion
and economic aspects [1]. Wind energy has becomeiron
all the most necessary renewable energies andaithest
view in terms of new technologies and economicale Do
the variable speed of wind, for maximum efficienay
different speeds, the turbine with variable speedequired
[2,3]. Therefore, the wind turbine equipped with DoublelFe
Induction Generators (DFIGs) are widely utilizedVifind
Energy Conversion System (WECS) [4]. There
is generally no inertia response between the DFt®rr
speed and the frequency of the system. There
additionally no primary frequency regulation andlyothe
maximum power point tracking (MPPT) method is used
DFIG power control system [5]. Therefore, with higlnd
power penetration, inevitably there are major @mages in
frequency regulation. In addition, the main chajerin an
islanded Micro grid (MG) is the frequency stabilitye to the
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efficiently, are used in MGs as the promising seardor
grid short-term frequency regulation [6]. Althoughergy
storage instruments, like  batteries, flywheels,
super-capacitors, improve the dynamic operation th
Load-Frequency control (LFC) system, these deviedsng
with their respective inverter, increase systemsos

Wind turbines participation in frequency adjustminthe
idea to make better the dynamic frequency respond
characteristics of power systems. In [7-15], by lengenting
virtual inertia in DFIG control system, the dynanhiehavior

and

isof the MG is improved. In [7, 8], the primary freency

control strategy, virtual inertia and blade angtetcol are
used in DFIG to reduce the frequency variation[9n10],
the super-capacitor, as the source of inertiapkas used. In
[11], using double-layer capacitor energy storadymamic
stability is improved. These methods also, dueh use of
additional equipment, is costly. In [12-15], thesiitia of the
wind turbine rotating mass is used to implementueir
inertia in DFIG control system. Although implemerda of
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virtual inertia with rotating masses does not regjadditional
equipment and costs, its implementation is subjectome
limitations. In this method, the virtual inertiapgstain to the
wind speed, and therefore, its value is completelsiable
and stochastic. Another limitation to the use of
rotating-mass-based virtual inertia is a thermalst@int. At
high wind speeds, frequency deviation leads toattditional
power generation, due to the virtual inertia confwop, and
consequently, the temperature of the DFIG riseschwvmay
be more than allowed [13]. Moreover, in this paperis
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DFIG are explained. Fuzzy PID and ANFIS-based adiets’
design are addressed in part 4. Results and sionsgabf
different controllers and their comparison are enésd in
part 5. Eventually, the general conclusisrsummarized in
part 6.

Figure 1 shows an islanded micro grid containingoues
DGs. This system includes wind turbine, solar cdiesel
generator, fuel cell, battery and flywheel stordgeices. The

THE STUDIED MG STRUCTURE

shown that the change or uncertainty of the systemparameters of the studied MG are also presentéebie 1.

parameters, such as droop factor, can considesgyade
the performance of the LFC system.

Contrariwise, in the conventional LFC systems, Bieor
PID controllers are usually used as secondary &ecu
control. Although these controllers have such athges as
simplicity and easy implementation, they are mostgd for
systems with simple and constant configuration. rétoze,
because the structure and configuration of micrdsgere
constantly changing and there are many uncertajntie
conventional controllers with constant parametensnot be
used. [15]. Also, Most of the linearization methadsed to
control the frequency increase the system's ordérich
makes the micro grid more complicated [16].

Fuzzy logic and neural controllers also have been
developed in many control applications to intricatedels
[17]. The fuzzy is based on the rules "if and themfich we
get these rules from the system description. Simealo not
have much information about the behavior of mosteys,
conclusion from these types of systems is diffieuit neural
controllers need a lot of time for training. Comddiinmethods

are among the methods developed to control complex

systems in recent years. One of these combinedithlgs is
Adaptive Neuro-Fuzzy Inference System (ANFIS).
ANFIS benefits from both fuzzy and neural contrgétems.
In this paper, instead of the conventional PID oulfdr, an
ANFIS-based controller is proposed to use as sewgnd
frequency control while the rotating-mass-basedtusir
inertia is implemented to support the primary freogy
control.

So far, several intelligent controllers have begpl@ed as
complementary frequency control of micro grids. [B],
frequency control has been improved using the #R3D
method with the amount of electric power generétgdvind
turbines. In [18], frequency control has been impibusing
the HPSO algorithndecentralized. In [19] using fuzzy logic,
control for the micro grid frequency is done withiglin
penetration of wind turbinedn [20], frequency control is
performed using an on-line method that detectsuiaqy
variations using PSO and fuzzy algorithms. But lun¢iw,
research on the use of ANFIS-based controller
complementary frequency control of the micro griss mot
been reported when virtual inertia is involved e tLFC
system.

The rest of this study is segmented as follows: §éeond

part describes the model of the micro grid studiedSection
3, the implementation of rotating-mass-based Miitertia in

An

as

In the studied MG, as shown in Fig. 1, diesel gatoer
consists of the primary and complementary frequermytrol
loop Also, a complementary frequency control loopntrol
the fuel cell output power. Droop control is usexd fhe
primary frequency control and the storage devigesused
for supporting the primary frequency control. Diffat
controllers are designed for the secondary frequeoatrol
loops. These controllers are the classical PIDrotlaet, PID
fuzzy and proposed ANFIS-based controller.

TABLE |. MICRO GRID PARAMETERS

Parameter Value Parameter Value

D(Pu/Hz) 0.015 0.08

2H(Pu s) 0.1667 0.4
0.1 0.004
0.1 0.04
0.26 R(Hz/Pu) 3

TABLE Il . NOMINAL POWER OFDG UNITS AND LOAD

Rated Power (kW) Load (kW)
WTG 100
PV panel 30
FC 70
430

DEG 160
FESS 45
BESS 45
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DR, WTG model

PID/Fuzzy PID/
ANFIS
Controller

Fig.1. schematic block diagram of the studied islande&gl M

In a DFIG, stator directly and rotor via two cortess
connected to the power system. It produces theekighind
power using a converter that is located on ther'ogide and
it adjusts the stator voltage. DC voltage can bpisted
using the network side converter. Wind turbineshsas
synchronous generators have high inertia, which éniergy
is stored as kinetic in its axis. However, this rggecannot
participate in frequency adjusting due to the deted
mechanical and electrical power controllers.

MPLEMENTING VIRTUAL INERTIA

The maximum power that can be obtained from a wind

turbine, Pm, opt can be expressed

P =Kol (1)

Where m is DFIG rotational speed and Kopt is fixed

when the angle of the turbine blade is constant.
The input mechanical and the output electrical pewEm,
Pe) are related to each other as the following

_ (2)

In this equation, J is the moment of inertia of th&ating
mass connected to the rotor.

In synchronous generators, in order to control ghniel
frequency, a speed governor controls the input machl
power. As a result, the generator output power dépen the
input mechanical power and a derivative term thabduces
the rotating mass inertia. In a DFIG, where Pm
undispatchable, the output electrical power is e
directly. Therefore, the grid frequency variationdathe
rotating mass inertia do not affect the amount efiegator
output power. Thus, the DFIG inertia does not pgrdite in
frequency tuning.

is
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If equation (2) is written in the per unit form, i& as
follows:

P _P= 2%‘%‘* )
In this equationH is the DFIG inertia constant arR} is

equal toPy, o, After linearization around the basis rotational

speed (3) can be represented as:
— (4)
Where,
DP, =3K W, Dw,, (5)

To implement virtual inertia, the output electriqgadwer
control is changed in such a way that, moreoveraoking
the maximum power point, it also responds to system
frequency variations. Therefore, the above equatam be
modified as follows:
DP, =3K_ W, Dw, -H, (s)w,Dw

opt”’' mo

(6)

In the above equation, the frequency of the grid is
represented by andH,(s) is the transfer function of virtual
inertia, which represented as follows [22]:

M
H(s) = . M,s
(£,5+1)¢ ,s+1)
In the above transfer function,
constant, andf, and f,

(7)

is the virtual inertial

are the virtual inertia time

constants. At low frequenciebl,(s) behavessimilarly to a
derivative.
By replacing (6) in (4) we can write:

L 8 (8)

% el

Using the above equation
the equation (9).

is obtained according to

9
R 9)
% TR it
By replacing (9) in (6) we will have:
) 4- 10 $113 4,9
$1 2)*+‘--/0( $1 2)*s. . /0 (10)

Based on (10), can be changed as a function (of
and . Therefore, the grid frequency variation and the
virtual inertia affect the amount of DFIG outputwer. By
setting and consequentlyH(s) to zero, wind
generator without virtual inertia can be represgént€he
electrical output of DFIG with virtual inertia came
expressed as follows:
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64
- ek (11)

Figure 2showsaddingof virtual inertia to the wind turbin
equipped witl DFIG in the studied islanded M. In this
figure, the traner functionsG,(s) andG,(s) are respectivel
the first and second peof the equatio (10).

Dw

¥ PID/Fuzzy PID/
ANFIS
Controller

Fig.2. the schematic block diagram of the studied istahG
with virtual inertia

IV. FUZZY PID AN ANFIS-BASED CONTROLLER
SESIGN
In conventional power systems, conventional Pl Bid

controllersare often usecin the seconda frequency contra
loop. Theoperation of these controllers person the value:
of the proportional, integral and derivatiparameter. Using
conventional Pl and PID controllerwith fix parameters
value,is not guarante¢ to achieve the desired performai
for different operation conditions and in presenoé
disturbances and uncertaintieWhile the PID controlle
perametes can automaticalltune matching to the variatior
that happen in the grid, t desired performance achieve.
One of the features of Fuzzy PID i ANFIS-base:
controllessis the automatic adjustment of parame

The aim ofthis part is to design a Fzy PID and ar
ANFIS-based controller for complementary control loom
MG that is separated from the MFigure 3 shows the bloc
diagram of thesecondary frequency contrusing thefuzzy
PID and ANFIS-based controll. The overal structure of
Fuzzy PID Controlle is illustrated in Fig.

A. Design of Fuzzy PID Controll
Fuzzy rules have been created based on human kehgav
In this studythe fuzz) block hastwo inputs, one of which i
the MC frequency error, and the other is ived from the

© 2019 |IECO 148

MG frequency error. The law that has beentten for this

these rulearefully written in table . The
range of membership futions for inputs and outputis
between3 and +3 ashown in Figure .

Fig.3. Block diagrar of the MG frequency contr

Feed Forward

Mo
u

Limited
Integrator

Integrator
Pl Control

L dudt

CE
Fuzzy
Inference
System

Fig. 4. The overall structure of Fuzzy PID Contrc
TABLE lll . TABLE OF FUZZY RULES

PD Control
Derivative

NB | NM NS 4 PS | PM | PB

NB NB | NS NB NB | NM | NS z

NM NB 4 NB NM NS z PS

NS NB | PS | NM NS Z PS | PM

z NB | PM NS 4 PS | PM | PB

PS | NM | PB Z PS | PM | PB | PB

PM NS Z PS PM PB | PB | PB

PB Z PS | PM PB PB | PB | PB

@)
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Fig.5 Continuet

(b)

(©

Fig. 5. Membership functions: a) The error input of thezfu
block, b) Second input of the fuzzy block (Erroridative) c)
output of fuzzy bloc.
B. Design of ANFI-based controller

The behaviar of the neur-fuzzy controlleris similar to
the fuzzy controllelandthe only differencebetween them i
thai the neural system has been added. To desigr
propose ANFIS-basedcontroller, the training data must fii
be compute( Since the purpose of mclling this controller
is to attain the highest control profincy, forthe training ol
the neural networkfirst, we apply classical and fuz
controllers to thestudied MG a complemerary control
Considering different scenarios such as load variatnd
parametric uncertainties, the output of each twotrodlers
have bee recorded separate These recorded data ¢
finally have been used to teach the proposed A-basec
controller

The neural network used in this article has fiwets. The
fuzzy system has 49 rules tithe ANFIS system reduced th
amounts o two. It is supposedhat thefuzzy system has tw
inputs (3, y), one of which is an err (x = e) and the other i
an error derivativ (y = de)and has an outg z =f (x, y). The
rules, if and then the fuzzy, which are in the T and
Sugen: type, ar the foundatio of the fuzzy rule that for a
first-order Sugeni system, it produces two rules that
described belov
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Rule 1:if x is7gand y is; gthen:
f,=PRe+ RDe+ § (12)
Rule 2: if X is 7gand y is; gthen:
f,=Pe+ RDe+ s 13)
Where
e= Wy - W, (14)
0o 280 - W) (15)
dt
Where, 4. is the eferenceangularspeed.

The structure of designed ANFIS depicturd in Figure 6
As shown in Fig.6, the output of ANFIcan berepresente:
by,

f+w,f, — —
F=nT Ml e,
W+ W, (16)

Weights of th wy,andw, are obtained as the product of
preceding layer outputs and the outf is a weighted avera¢
of the two rules outputs 3, 24].

The neural network structure is composof five layers
connected together with the notaticL;; for the output node
from layerj for the fivelayers.

ANFIS model can bdefined adelow.

Layer 1:In a layer, the-th node corresponds to the nc
functiondefinec by
Lii=ma, © a7)
Lyi =mg _, (De)

Where e anc e are input to a node arA, and B, are
assigned fuzzy function to the node. Layer 1 issigiimg of
the input variables (membership functions). Memiugr
functions can be defineastriangular form or Gaussian, a
so on. For xample, A, can be membership Gaussiar
function parameterss follows

1
me)=——%
1+ &6

a

(18)

Layer 2:eachnode inwhich layer is aconstantnodethat
compute the firing powerw; of a rule. The output cevery
node is theresult of whole the entry signals to it and i
definedby,

L, =W =m (e m (D¢ (19)

Layer 3:everynode inwhichlayer is esconstannode. Eac
i-th nodecomputes theespect of the-th rule’s firing power
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to the aggregateof firing power: of whole the rules. Thi
output from thei-th node is the normalized firinpowel
definec by,

— W

=W = :
Ly =W, =

i=1,2  (20)

Layer 4:In a layer, th i-th node corresponds to t
node functio definec by,
L, =W;*f =W, (Re+ RDe+s.  F12 (2]
Where € is the output of Layer 3 anc 5>5 } is the
resultant parameter collecti
Layer 5: This layeicontains jus one constant node th
computes the total output as the aggregate of whntey
signals, i.€
LSi = Wfl :Llf' (22)
i | I i\/vi
The base fuzzy system has 49 rules (Fi¢7), which for
the ANFIS reduced this value to The structure ofthe
designe ANFIS-based controller in MATLAB illustratecn
Figure8.

Layerl Layer2 Layer3 Layer4 Layer5

Fig. 6. The structure of the designed ANFIS contr

Fig. 7. Fuzzy rule-based system for studied I
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Fig. 8 The Structure of designed ANF-based controller i
Matlab

V. SIMULATION RESULTS

In this part, the effect of tl virtual inertiaon the studie
MG shor-period frequency regulatic investigated. Ir
addition, the performance of conventional PID, fu£ID
and ANFI$-based controllers for frequency regulat
considering with and without the virtual ineris comparec
Furthermore robustness and performance of controllers
investpated in the attendance of different disturbances
uncertaintie parametric In all test scenarios, tt
conventional PID controller parameters have theesaaiue.
Table 4 shows these parameters, wlare obtained sing the
ZieglerNichols metho.

A. Scenario 1: &p loadvariation

In this scenarig %10 step loawariatior ( P. = 0.1 pu) is
occurred at t = 1. Fig. 9 display the effect of virtual inert
on the sho-period frequency regulation when seconc
frequency control is performed by a convenal PID. This
figure illustrate that implementing virtual inertia improw
the MG dynamic response and reduces the -term
frequency variation. Moreoveas one can see in figure
increasini leads to less sheperiod frequency
aberratio. In addition, the steadystate frequency error i
zero regardless of ttdea of

The same step load variat is used to evaluate ai
comparethe performance and efficacy of fuzzy PID ¢
ANFIS-based controllers for frequency regulation. Figlk
depicts the simulation results conside equal to 10
This figure demonstrate that fuzzy PID and ANFI-based
controllers ameliorate the dynamic respo of the LFC
compared with classical PID controller. In additiothe
settling time, overshoot a undershoot are reduced by usi
the ANFIS-based controller comparewith the fuzz» PID
controller
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B. Scenario 2: Step load variation with parametric

uncertainties
In this case, first, each parameter is varied se¢plyr;, and
then the effect of simultaneously changes in thetesy
parameters and modelling errors are considered &srst
case to evaluate the controllers’ robustness. Higo Fig. 14

show the effect of parameters change on the fregyuen

regulation when a conventional PID performs theosdary
frequency control. Fig. 11 illustrates the MG freqay
response considering, Bind T, variations when s equal
to 3. As one can see the augmentation of the goveand
turbine time constant degrade the MG dynamic responhe
effect of 50% variation in H and D are presentedrig. 12
and 13 for
show that the reduction of load sensitivity coeéid
degrades noticeably the MG dynamic response whenis
equal to 0.5. In addition, due to the small amoohthe
parameter H, its variations have little effect dre tMG
frequency's behavior. Figure 14 depicts the eff#c60%
variation in R, Teess and Tgesson the frequency regulation.
This figure shows that the reduction Rfdecreases the MG
stability and increasing oR leads to more frequency
deviation. Furthermore, due to the small amounttlu#
parametersless and Tgess their variations have little effect
on the frequency regulation.

Table 5 shows the intended system parameters iegausat
and modelling errors as a worst case. The simmatsults
are presented in Fig. 15 and Fig. 16 for this cAseFig. 15
shown the studied MG become unstable when the atetr
is conventional PID. Zoomed results are illustaie Fig.
16. As one can see, in this case, with the Fuzby-Pl
controller the studied MG has poor stability. Ieste the
proposed control strategy (ANFIS-based controlleithw
implemented virtual inertia) regulates properly th&G
frequency and its performance is not much affedtedhe
parameters changes.

TABLE IV. PID CONTROLLER PARAMETERS

KD
0.2

KI
15.19

Kp
2.3

equal to 3 and 0.5, respectively. These figures
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frequency
T T

without virtual inertia(Mv=0) | -{
with virtual inertia(Mv=1)
with virtual inertia(Mv=5)
with virtual inertia(Mv=10) | |

.
8
©
&

frequency ,Hz

49.75 I I I I I I I I I
0

time (s)
Fig. 9. Impact of virtual inertia on the short-period dtency
regulation.

frequency
T

T T T T
5015 | ‘1 — — — without virtual inertia d
H with virtual inertia & My=10 & PID controller
i ——— PID fuzzy controller & Mv=10
50.1 n anfis controller & My=10
" 1" N
I
50.05 i,
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N I ‘llf'yl,i' fon
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3 I
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54995 iyt
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[
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‘I‘
|
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{
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time (s)
Fig. 10. Performance of different controllers on the stpatiod
frequency adjustment in the attendance of virtoettia.

frequency
T

without parameter change & Mv=3
50.02 - H

444444444444 Tg=+50%
Tg=-50%
Tt=+50
Tt=-50

50.01

frequency ,Hz

49.99 -

49.98

49.97 -

I . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
time (s)

Fig. 11 MG frequency response consideringand variations.

frequency
50.02 T auEney

\ without parameter change & Mv=3
\ H=-50%
5001 [ J/\ D=+50
o\ D=-50

a
8

49.99 -

frequency Hz

49.98 [

49.97 [

. . .
0 1 2 3 4 5 6 7 8 9 10
time (s)

Fig. 12 MG frequency response considering H and D vaiati
for ,
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without parameter change & Mv=0.5 1

50.04

50.02

frequency Hz

Fig. 13 MG frequency response considering H and D vaniati
for @AB

?

frequency

without parameter change & Mv=3
——R=50%
»»»»»»»»»»»» R=+50%
Tless=-50%
Thess=+50%

50.02

50.01

50

frequency Hz

49.99

49.98

49.97

0 15

time (s)
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C. Scenario 3: Step load variation with parametric

uncertainties without energy storage equipment
In this scenario, the conditions are the same @setin the
previous scenario. Nevertheless, in this scenagiergy
storage equipment has been removed from the systeier
study. As can be seen in Figure 17 removing enstgrage

equipment leads to performance degradation of the
conventional PID and Fuzzy PID controllers, whem@hb
controllers become unstable. However, using theyesigd
control scheme, the system frequency is effectiveulated
even without energy storage equipment. Furtherntéige,18,

which compares the effectiveness of Fuzzy PID and
ANFIS-based controllers in this scenario, depidtat tthe
system frequency response remains approximatelyasnged
with and without energy storage equipment. FigillliStrates

the performance of the ANFIS-based controller verdd

under such conditions. This figure shows that
performance of the ANFIS-based controller is acaielet

even with smalM =2, but M, =1leads to MG frequency

the

instability.

VI. CONCLUSION

In this paper, to regulate the frequency of studstahded
MG a control scheme is proposed. The proposed aontr

Fig. 14 MG frequency response considering R, TFESS andstrategy consists of an ANFIS-based controllerex®isdary

TBESS variations for,

frequency
T T

50.3 [ T T T
****** without parameter change & PID controller
with parameter change & PID controller

with parameter change & PID fuzzy controller .
without parameter change & PID fuzzy controller| /%
without parameter change & anfis controller
with parameter change & anfis controller

Mv=3

50.1

frequency ,Hz

49.9

3 35

.
25
time (s)

Fig. 15 MG frequency response considering the system
parameters variations and modelling errors shoviabte 5.

frequency

50.06 T

without parameter change & PID controller

with parameter change & PID controller

with parameter change & PID fuzzy controller
without parameter change & PID fuzzy controller
without parameter change & anfis controller

with parameter change & anfis controller

777777 Mv=3
50.05

50.04

. 50.02

frequency ,Hz

time (s)

Fig. 16 Zoomed MG frequency response.

frequency control and a rotating-mass-based virioitia,

implemented in DFIG control system, as an inhessrdrgy

storage system. The simulation conclusions dematesthat
using the suggested control strategy the frequehsfudied

MG can effectively regulate despite removing enestgyage
equipment, severe system parameters changes aralimpd
error. three different controllers are implemeniredrder to

achieve good frequency regulation/tracking regasiief the
presence of disturbances and parameter variafiomsactice,
simple PI&PID controllers are commonly used thaivide a

poor performance in the presence of serious diahads and
The fuzzy controller is heavily dependent on mershigr

functions. eventually the results reveal that ti¢FFS-based
controller outperforms other controllers in all asfs such as
overshoot, undershoot, steady state error, risee tand

settling time.

TABLE V. SYSTEM PARAMETERS CHANGES AND MODELLING

ERRORS
Parameter Value Parameter Value
D -50% +50%
H(s) -50% +50%
+50% +50%
R -50%
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frequency
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506 1 T T
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Fig. 17. MG frequency response without energy storage
equipment and considering the parameters changes.
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Fig. 18 Zoomed MG frequency response without energy gtora
equipment and considering the parameters changes.
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Fig. 19 Performance of ANFIS-based controller versus
» without energy storage equipment and considering th
parameters changes.
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