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ABSTRACT Renewable energies equipped with LIRs as wind turbines and photovoltaic arrays provide
negative impacts on power system dynamic securities. For this issue, developing adaptive controlling
strategies play important role on controlling the system dynamic oscillations. In this paper, based on HVDC
link, an ANFDC damping controller is proposed for controlling the system dynamic behavior through
different LIRs. To do this, a fuzzy linguistic role proposed for tuning ANFDC parameters which the input
dynamic signals are transferred into linguistic variables through offline working mode. Then, considering
microgrid consists of different LIRs as offshore and onshore WTs, PVs and SSSGs integrated with together,
ANFDC is trained which then in online working mode, the system damping performances through different
operational and technological structures are evaluated. The proposed scheme is an online and non-model-
based controller which uses the advantages of both neural and fuzzy logics together for providing a fast
and secure structure of damping controller through online evaluations. The merit and effectiveness of the
proposed approach investigated on a grid-connected microgrid consisting of PV, WT and SSSG connected
in an incorporated HVDC link which considering different short circuit faults, damping performances are
evaluated. Results indicate effectiveness of the proposed scheme for damping dynamic oscillations of LIRs
with high damping ratios subject against severe fault events.

INDEX TERMS Low inertia resources (LIRs), high voltage direct current (HVDC), microgrid, wind turbines
(WT), photovoltaic arrays (PV), small-scale synchronous generators (SSSGs), adaptive neuro-fuzzy-based
damping controller (ANFDC).

I. INTRODUCTION
Due to several issues of operating fossil fuels-based power
plant generators through large power system, developing
small scale systems known as microgrids equipped by renew-
able energy sources (RESs) are increasing through today’s
modern power systems. In this case, wind turbines, photo-
voltaic arrays and small scale synchronous generators are the
most favorable and reliable renewable energy sources which
used in the microgrids systems [1].
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A. CHALLENGE
Owing with multiple advantages of wind-based power
resources, it is known as one of the fixed energy suppli-
ers from 20% penetration level to about several thousand
megawatts through topological structures. The corresponding
PV and onshore wind turbine sources are known as the second
and third RESs through power systems, respectively. How-
ever, it should be noting that after 2014, the use of PV-based
sources through all of the world passed from WTs in which
they reached to about double amounts of WT generations at
the end of 2021 [2]. In the case of existing ocean ways, the
corresponding wave energies are large and potential RESs
with proper energy powers comparing with other RES types.
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In this case, countries with the potential of ocean energy
resources (e.g. United States, United Kingdom, Denmark,
Ireland . . . ) are increasing rapidly the use of wave energies
for producing the electrical power. Considering the amount of
ocean surfaces around of the earth, generating the electrical
power from offshore wind farms (OWF) and wave energies
farm (WEF) can be considered as a potential energy sup-
plier with the advantages of both OWF and WEF suppliers
together. In this case, this integration is used properly for
generating the power in the England. It is should be noting
that developing both OWF and WEF energies require differ-
ent controlling and protecting schemes which provide several
issues through microgrid dynamic security. In this case, due
to large amounts of RES powers, there are a set of HVDC
links required between the renewable energy resources and
the electrical power network [3].

B. LITERATURE REVIEW
Considering developed OWF and WEF sources, the pho-
tovoltaic energies known as PV systems can be used as
another potential energy integrated with provided RESs
which develop the advantage of solar energies in a unit con-
trolling scheme.

1) RECENT RESEARCH EVALUATIONS
Through literature reviews, there are some investigations [4]
which provide the advantage of PV systems with respect
to other RESs. In [5], it is deducted that the PV schemes
require very low maintenance costs, zero pollution, reliable
output power and low operational costs with respect to tra-
ditional power plants equipped with synchronous generators.
Therefore, considering an integrated system consisting of PV,
OWF and WEF sources, it is possible to supply consider-
able amount of generating electrical power with several RES
advantages in a unit electrical system [6]. The main idea of
providing large RES integrations through power system was
initially proposed in [7]. Through simulation results, it was
concluded that evaluating the system dynamic oscillations
and providing proper controlling system are two important
issues which must be investigated through high-level RES
penetrations cases. In [8], proportional-integrator-derivative
(PID) schemes are proposed as the first damping controllers
for adjusting the system critical eigenvalues into secure area.
In this case, by evaluating the system critical modes and
identifying secure areas, PID controller is provided which
the corresponding parameters are adjusted. In [9], consid-
ering noisy signal, delay response, nonlinear performance,
high cost usage and hard tuning as some problems of PID
controllers, a damping controller is proposed. In this refer-
ence, model-based PID controller used to provide damping
performance through some specific operating cases. In [10],
the change of system operating point used to update the PID
parameters to reach proper damping performances. Since,
power system is a nonlinear and complex system, there-

fore the conventional linear PID controllers cannot provide
proper damping performances which considering the system
complexity, PID presents different performances for damp-
ing the oscillations [11]. Also, considering PV, WEF, OWF
and synchronous generator suppliers in an integrated system,
there are different uncertainty and nonlinearity conditions
which are resulted from the solar energies, time-variable
wind farms, active power oscillations and power electronic
switching conditions. In [12], considering large nonlineari-
ties, ANFIS-based PID controllers used to provide damping
performance for controlling the system dynamic oscilla-
tions. It should be noting that, owing with the controlling
designs located at power electronic stations, the provided
HVDC links can be used as a virtual damping controller with
proper controllability, suitable damping response and sig-
nificant controlling capacity through interconnected power
system [13]. In this case, some intelligent nonlinear tech-
niques including neural network (NN), fuzzy logic (FL)
or adaptive neuro-fuzzy inference system (ANFIS) can be
used for designing the system wide are damping controller.
In [14], considering power system equipped with HVDC
links, a NN-based supplementary damping controller is pro-
posed for damping the system dynamic oscillations through
interconnected power system. In [15], based on the concept
of FL technique, a fuzzy-based damping controller is pro-
posed through power system integrated with HVDC links.
Considering the advantages of both NN and FL techniques,
a neuro-fuzzy damping controller is proposed in [16] and the
system damping response is evaluated through different oper-
ating conditions. Results of [12] provide better response with
proper damping ratios with respect to damping controllers
provided in [17]. Also, the use of flexible AC transmission
system (FACTS) are investigated through power system for
damping the oscillations. In [18], considering a static VAR
compensator (SVC) equipped with ANFIS intelligent tech-
nique, the system critical modes are controlled which the
developed damping performances are evaluated through dif-
ferent operating condition. In [19], an ANFIS-based damping
controller combined with fault detection scheme is developed
to provide proper damping performance into power systems
with HVDC links.

In [20] and [21], a fuzzy linguistic rule is developed for
tuning the parameters which the input signals are transformed
into the linguistic variables. In this case, the system dc current
error and error ratio are used as two input signals to ANFIS
controller.

In [22] and [23], a multi-objective control scheme devel-
oped for inverters-based microgrid to control the active and
reactive powers through grid-connected topology. Using the
reactive current and voltage sequences and line impedance,
control structure is developed.

In [24], a controller a mixed linear-adaptive control strat-
egy used for damping the of inter-area oscillation. In this case,
considering the inter-area modes formulated as the objective
functions, the proposed controller through communication
channels developed.
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2) RESEARCH GAPS
Through evaluated investigations, most techniques require
several cycles with a high dependency on the system model
to control the oscillation. In this case, their performances
highly depend on the system operational and topological
conditions which in the case of changing operating points,
updated adjustments are needed. Also, through developing
adaptive damping controllers, the use of ANFIS intelligent
controllers equipped with HVDC links on inverter/converter
sides have not been investigated by the researcher yet.

C. PAPER CONTRIBUTION
In this paper, based on the evaluated recent investigations,
an adaptive damping controller scheme is presented.

In this case, the main contributions and novelties of pro-
posed ANFIS-based controller are as follows:

C1-Proposing an adaptive non-model-based ANFIS damp-
ing controller in the presence of HVDC links

C2-Using the HVDC link with its individual eigenvalues
on modifying the ANFIS tuning parameters.

C3- Considering different RES contributions including PV,
WEF, OWF and SSSG incorporated together to evaluate
the proposed ANFIS damping performances under different
operational and topological structures.

C4- Using the Fuzzy linguistic rule for tuning the ANFIS
parameters based on input dynamic signals transformed into
the linguistic variables.

C5- Proposing an online scheme based on inverter-based
controller to provide ANFIS controlling approach.

C6- Evaluating the proposed damping controller through-
out two time-domain and frequency-domain simulations with
respect to different operating conditions.

Considering different RES types including PV,WEF, OWF
and SSSG, the proposed ANFIS-based damping controller is
provided which based on evaluating RES electrical signals
under different operating conditions and using the Fuzzy lin-
guistic rule as the main function, the ANFIS damping power
are provided. The proposed inverter-based controller is an
online and non-model-based scheme which based on provid-
ing ANFIS controlling scheme compared with conventional
PID controller, the system critical eigenvalues are con-
trolled. The proposed controller is investigated throughout
two time-domain and frequency-domain simulations which
based on providing different operating conditions, the system
dynamic performances are evaluated through inline environ-
ment.

D. PAPER ORGANIZATION
The rest of this paper is organized as follows: In Section II,
the conceptual structure of the proposed scheme is devel-
oped which the corresponding different parts are detailed
through different subsections. Section III, considering two
ANFIS-based and PID-based damping controller, the designs
and detailed structures of the system are presented. The
system case study and corresponding simulation results

are provided in Section IV. Finally, the paper conclusions
and corresponding future research works are provided in
Section V.

II. DETAILED STRUCTURE OF THE DEVELOPED TEST
SYSTEM
In this section, considering test system consists of differ-
ent RESs, the structures and dynamic models of developed
sources are detailed. The overall view of microgrid test sys-
tem consists of PV system, WEF, OWF, SSSG connected
through HVDC links are illustrated in Figure1.

From Figure 1, the corresponding RESs generate differ-
ent electrical power which are equipped through individual
equipment. In this case, OWF is equippedwith a set of perma-
nent magnet synchronous generators (PMSG)which based on
wind turbine variable speeds, they can generate 6.5MW elec-
trical power within nominal operating point. Also, in the case
of WEF sources, a set of induction generators are operated in
parallel which are linked to wave-based turbines using several
gearbox under water. Considering nominal operating point,
the corresponding WEF sources can produce 45 MW active
power followed through HVDC links. From Figure 1 both
WEF and OWF sources are connected through a common bus
which considering a HVDC link, the corresponding output
electrical powers are transferred to the main grid through
common coupling point (CCP) connection. In the case of
solar energy, there are a set of PV arrays connected to the test
system which the electrical powers are transferred through
an equivalent inverter. In nominal operating condition, the
corresponding PV system can generate 6.5 MW electrical
power which are transferred through installed DC-AC-DC
inverters. It is worth noting that each provided RES con-
sist individual dynamic model which should be investigated
separately. In this case, considering each of provided RES
types, the structure and dynamicmodels of developed sources
are explained and detailed through following subsections.
It should be noting that, all of the following mathematical
models are presented in p.u system except the model angular
frequencies and time variables which are presented in radi-
ans/seconds and seconds, respectively.

A. WIND TURBINE MODEL
In an overall description, the output electrical power produced
by wind turbine is explained through following description:

POWFmω =
1
2

× ρω × Arω × V 3
ω × Cpω(λω, βω) (1)

From (1), ρω represents density of the air in kg/m3, Arω
describe the impacts of blade area in m2, Vω represents the
turbine wind speed in m/s and Cpω explains the wind turbine
power coefficient which is defined in dimensionless from as
follows:

Cpω(ψkω, βω)

= c1

(
c2
ψkω

− c3 × βω − c4 × βc5ω − c6

)
× e

(
−

c7
ψkω

)
(2)
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FIGURE 1. Single line diagram of test system consists of PV, WEF, OWF and SSSG sources connected within HVDC link.

From (1) and (2), the parameters λω and 1/ψkω are defined
as follows:

λω =
Rbω × ωbω

Vω
(3)

1
ψkω

=
1

λω + c8 × βω
−

c9
β3ω + 1

(4)

From (3) and (4), λω represents the blade speed ratio, Rbω and
ωbω are the blade radius inm and angular speed in rad/second,
respectively. βω represents the pitch angle of wind turbine
blade which is evaluated in degree value. Also, c1-c9 are a set
of constant coefficients of parameter Cpω which are specified
based on wind turbine speed variables. Based on presented
model and considering the wind turbine cut-in value=4 m/s,
cut-off value=25 m/s and nominal value=15 m/s, the pro-
vided turbine dynamic model is evaluated.

B. WAVE ENERGIES TURBINE MODEL
As definition, considering the wave energy as the input
power, the corresponding mechanical power of wave-based
turbines can be modeled as follows [8]:

PWEFm =
1
2
ρWEF × ArWEF × V 3

WEF × CpWEF (λWEF , βWEF )

(5)

From (5), ρWEF represents density of the water in kg/m3,
ArWEF is the turbine blade area in m2, VWEF is the turbine
velocity in m/s and CpWEF represents a constant coeffi-
cient evaluated from turbine speed ratio λWEF and pitch

angle βWEF , correspondingly. Based on provided model (5)
and considering cut-in value=1m/s, cut-off value= 5 m/s
and rated value=2.5 m/s, the provided wave-based turbine
dynamic model is evaluated.

C. PERMANENT MAGNET INDUCTION GENERATOR
(PMSG) EQUATIONS FOR WIND TURBINE MODEL
Through provided OWF models, wind turbines are equipped
with a set of PMSG models. In this case, considering Park
equations through d-q axis, the corresponding PMSGmodels
can be described as follows [25]:

p(φqw) =
(
ωb × υqsw

)
+

(
ωb × rsw × iqsw

)
− (ωrw × φdw)

(6)

p(φdw) = (ωb × υdsw)+ (ωb × rsw × idsw)−
(
ωrw × φqw

)
(7)

From (6) and (7), υsw and isw are the voltage and current
values of stator windings evaluated in p.u scale, respectively.
ωrw represents the PMSG rotor speed in radian/s. Also, φqw
and φdw represent the generator flux leakages which are
defined as follows:

φqw = −
(
Xmqw + Xlsw

)
iqsw = −

(
Xqw × iqsw

)
(8)

φdw = − (Xmdw + Xlsw) idsw + Xmdwi′mw =

− (Xdw × idsw)+
(
Xmdw × i′mw

)
(9)

From (8) and (9), Xlsw and Xmw are the generator leak-
age and magnetization reactance evaluated in p.u and is
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the generator magnetization current. Considering a voltage
source converter (VSC) connected between wind turbine and
PMSG generator, the corresponding output voltages υcondw
and υconqw in d-q axis evaluated through p.u scales are defined
as follows:

υcondw = kmcondw × υdcw (10)

υconqw = kmconqw × υdcw (11)

From (10) and (11), kmcondw and kmconqw are two constant
coefficients defined based on VSC converter side values and
υdcw is the dc voltage of VSC-link. Considering developed
model, the output voltages of inverter side VSCs provided
from PMSG sources are defined as follows:

υinvdw = kminvw × sin(αinvw) × υdcw (12)

υinvqw = kminvw × cos(αinvw) × υdcw (13)

From (12) and (13), kminvw and αinvw are the constant
coefficient and phase angle evaluated fromVSC inverter side,
respectively. Detailed structure related to VSC through both
converter and inverter sides are given in [26]. From provided
VSC model, kminvw controls the PMSG reactive power Qw,
phase angle αinvw is designed to control the PMSG speed
deviations ωrw, two constant coefficient kmcondw and kmconqw
are responsible to evaluate and control the SVC dc-link υdcw
and stator voltage υsw, respectively.

D. INDUCTION GENERATOR (IG) EQUATIONS FOR WAVE
ENERGY-BASED TURBINE MODEL
From Figure 1, there are a set of wave-based turbine models
which generate the input mechanical power to connected
induction generators. In this case, considering d-q Park
equations, the voltage and current formulation of provided
induction generators are defined as follows [16] and [27]:[
(Xls + Xm)× p(iqs)

]
−

[
(Xm) p(iqr )

]
ωb

=

−
(
rs × iqs

)
− (ωe (Xls + Xm) ids)+ (ωeXmidr )− υqs

(14)
[(Xls + Xm)× p(ids)] − [(Xm) p(idr )]

ωb
=

− (rs × ids)+
(
ωe (Xls + Xm) iqs

)
−

(
ωeXmiqr

)
− υds

(15)[
(Xlr + Xm)× p(iqr )

]
−

[
(Xm) p(iqs)

]
ωb

=

−
(
rr × iqr

)
+ ((ωe − ωr ) (Xmids))

− ((ωe − ωr ) (Xlr + Xm) idr ) (16)
[(Xlr + Xm)× p(idr )] − [(Xm) p(ids)]

ωb
=

r − (rr × idr )−
(
(ωe − ωr )

(
Xmiqs

))
+

(
(ωe − ωr ) (Xlr + Xm) iqr

)
(17)

From (14)-(17), rs and rr represent the stator and rotor
winding resistances. Xls and Xm are the leakage and mag-
netization reactance, respectively. υds, υqs, ids and iqs are

the induction generator stator voltages and currents in d-q
axis, respectively. idr and iqr are the induction generator rotor
currents in d-q axis, respectively. ωe, ωr and ωb are the gen-
erator angular, rotational and reference speeds, respectively.
Finally, considering the system currents and voltages, the
input electromechanical torque Te of induction generator is
evaluated as follows:

Te = Xm
[(
idr × iqs

)
−

(
iqr × ids

)]
(18)

E. HVDC-LINK MATHEMATICAL MODEL
Based on provided model in Figure 1, the corresponding
HVDC-link is equipped through three different parts includ-
ing 1-AC/DC converter, 2-dc-link and 3-DC/AC inverter
which is designed in a unified structure known as HVDC link
model [18], [28]. It should be noting that for providing proper
performances, the HVDC ac and dc parameters should be
estimated properly. For this issue, in the case of converting the
electrical power from dc pu scale to reference value in ac part,
the corresponding HVDC dc parameters must be remained
unchanged [29]. The corresponding mathematical equations
related to above provided descriptions are given in [18] and
[29]. Detailed structures of the developed HVDC current
rectifier (CRHVDC) and HVDC current inverter (CIHVDC)
are illustrated in Figure 2 and Figure 3, respectively.

FIGURE 2. Controlling block diagram of the HVDC current converter.

FIGURE 3. Controlling block diagram of the HVDC current inverter
including (a) PID controller and (b) ANFIS controller.

From Figure 2 and Figure 3, the developed HVDC cur-
rent parameters CRHVDC and CIHVDC are calculated as
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follows:

(TR) p (αR) = KR
(
IRef − IR

)
− αR (19)

(TI ) p (γI ) = KI
(
IRef − II + IC

)
− γI (20)

From (19) and (20), IC is the controller damping sig-
nal which is obtained by two developed PID and ANFIS
damping controllers through different operating conditions.
Detailed structures of the developed controllers are presented
in Section III through different mathematical formulations.

F. PV FARM MATHEMATICAL MODEL
In the case of PV system, considering a set of BP272UUpanel
types with the nominal powers of 80 watts, nominal voltages
of 19 volts, nominal currents of 4.4 amperes, short circuit cur-
rents of 4.6 amperes and open circuit voltages of 21.5 volts,
the corresponding PV arrays are designed. Owing to low volt-
ages of PV panels, considering a set of PV series structures
linked together, proper output voltage is provided. In the case
of protecting PV panels against environment issues, consid-
ering a set of panels with transparent encapsulated materials
(e.g. plastic, glass and so on), PV arrays are provided. Also,
in order to obtain proper current and corresponding power,
a set of PV panels are linked in parallel together which the
required output powers are provided. Totally, considering
400,000 PV panels connected through series and parallel
structures, there are 6.5 MW as the output electrical powers
from developed PV farms. Single line circuit of the PV panels
developed through parallel structures is shown in Figure 4.

FIGURE 4. Single line diagram of PV parallel structure.

From Figure 4,NpISC represents the PVmodel short circuit
current source which is connected in parallel with Ns series
and Np parallel diodes and one shunt resistor Rsh in a unified
circuit line structure. Considering provided currentmodel, the
equivalent PV current IPV is evaluate as follows:

IPV = NPISC − NPID

(
e

[
q

A×k×T

(
VR−PV
NS

+
RS IPV
NP

)]
−1

)
−
NP
Rsh

(
VPV
NS

+
RS IPV
NP

)
(21)

From (21), VR−PV represents the output voltage of PV
arrays, q and k and A are the electron, Boltzmann and
quality factor constants including q =-1.602 × 10−19 C
and k =1.38 × 10−23 J/K, respectively. Also, T represents
the ambient temperature, ID and ISC are the diode reverse
and short circuit currents under reference solar radiations

as 1000 W/m2. The single line diagram of the PV system
dc lines and corresponding DC/AC inverters are illustrated
in Figure 5.

FIGURE 5. PV system circuit consists of dc line and DC/AC inverter.

From Figure 5, CDC-PV is used as the PV battery system
which is located in parallel at the center point of provided PV
model. Considering developed current source model, the PV
system differential formulations are developed as follows:

(LDC−PV ) p (IR−PV ) = VR−PV − (RDC−PV × IR−PV )− EDC
(22)

(CDC−PV ) p (EDC ) = IR−PV − II−PV (23)

(LDC−PV ) p (II−PV ) = EDC − VI−PV − (RDC−PV × II−PV )

(24)

From (22)-(24), the output voltage of PV in inverter side is
defined as follows:

VI−PV =

√
V 2
qINV−PV + V 2

dINV−PV

2
cos (γI−PV )

−
π

6
(XCI−PV × II−PV ) (25)

The block diagram of the PV system current control
scheme developed through DC/AC inverter is provided in
Figure 6.

FIGURE 6. PV system current control scheme.

Considering Figure 6, the corresponding differential for-
mulation through DC/AC inverter is expressed as follows:

TI−PV p(γI−PV ) = KI−PV
(
II−PV−ref − II−PV

)
− γI−PV

(26)

G. SSSG DIFFERENTIAL MODEL
In the case of synchronous generator model, considering a
well-known third order differential model presented in [32],
the corresponding microgrid SSSGs are developed. The sys-
tem descriptions consist of SSSG differential formulations in
d-q axis and corresponding single line equivalent circuits are
described in detail in [32]. All provided SSSGs are equipped
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with an IEEE type DC1A excitation system which control
the generator internal voltage through different operating
points [16], [27]. Detailed information related to provided
excitation systems are given in the Appendix. For evaluat-
ing the developed SSSGs through transient and sub-transient
fault conditions, considering the following three assumptions,
SSSG dynamic behaviors are evaluated:

Assume 1) The provided differential equations are scaled
into d-q frame which the corresponding time-dependent
issues are fixed through rotor speed rotations.

Assume 2) The generator rotor sides consist two different
windings through each dq axis. In this case, the system d axis
side is equipped with one damping and one filed winding
while there are two damping windings on the q axis frame.

Assume 3) Transient effects of the generator stator wind-
ings are ignored through provided differential equations and
corresponding output voltage signals.

III. MODELING THE PROPOSED DAMPING CONTROLLER
In this section, considering provided HVDC link equipped
with two individual ANFIS and PID damping controllers,
the corresponding different parts are described. Conceptual
structure of the proposed ANFIS-based damping controller
is provided in Figure 7.

FIGURE 7. Conceptual structure of the proposed ANFIS-based controlling
scheme.

In real-time environment, based on the microgrid operat-
ing point, the system oscillatory modes are varied. In this
case, considering different fault event types, some individual
oscillatory modes are excited which lead to different oscil-
lation frequencies with individual damping ratios. For this
issue, by online evaluations of the system dynamic secu-

rity, the system critical oscillatory modes must be identified
which the corresponding controlling actions should be esti-
mated. From Figure 7, based on PMU signals and developing
the modal analysis through frequency domain, the system
dynamic security is evaluated. In this case, by using the
developed controller, the extinction angle of the HVDC links
on the inverter side is estimated. Also, considering speed
deviations of synchronous generators 1ωSSSG as the input
signals to the controller, the corresponding damping signals
is provided in which the identified system oscillatory modes
are controlled. Also, in the case of training ANFIS controller,
considering the system dynamic behaviors equipped with
PID controller through severs fault disturbances, the corre-
sponding dynamic responses are evaluated which is used as
input data for organizing the ANFIS controller through time-
domain simulations. In this case, at each operating point, a set
of fault disturbances with the potential of severe dynamic
oscillations are evaluated which considering four different
dynamic signals including (a) SSSG speed deviations 1ω,
(b) Active power deviations of the system OWF generators
1POWF , (c) Active power deviations of the system WEF
generators 1PWEF and (d) Active power deviations of the
system PV arrays 1PPV , as input data to ANFIS controller,
the corresponding intelligent structure is trained. It should
be noting that considering four dynamic variables as input
signals provide more complicated processes and time con-
sumptions through offline evaluations. However, in the case
of proper training processes, the proposed ANFIS damping
controller are able to provide proper damping response with
high damping ratio through different operating conditions.

A. MODELLING PID CONTROLLER THROUGH HVDC LINK
MODEL
In this section, the procedure and structure of the proposed
PID controller is presented. Based on controlling diagram
presented in Figure 3, the provided HVDC link consists
one PID damping controller which uses the SSSG speed
deviations 1ωSSSG as input signal for controlling the system
dynamic behaviors. In order to design the controller structure,
based on developing modal analysis, the system eigenvalues
and corresponding oscillatory modes are evaluated.

For this issue, considering typical operating point (OP),
OP1=13 m/s, OP2=3 m/s and PV output current IPV within
solar radiation of 1000 W/m2, the proposed PID controller is
developed. In this case, considering modal analysis through
frequency-domain, the corresponding microgrid eigenvalues
and the system damping performances with and without pre-
senting PID controller are evaluated.

It should be noted that based on the system topological
structure, each RES model (e.g. HVDC Link, SSSG, PID
controller) modeled as individual eigenvalues into the system
which play different role on damping the oscillation. Under
eigenvalue analysis, it is possible to evaluate the RES eigen-
values and their controlabilities on damping the oscillation.
In Table 1, considering individual eigenvalues of different
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RESs, effectiveness of the proposed damping controller on
controlling individual eigenvalues are evaluated.

The system eigenvalue real and image parts evaluated from
two different controlling cases (i.e. (a)Without activating PID
controller, (b) Activating PID controller) are illustrated in
Table 1.

TABLE 1. Eigenvalue analysis of the test system with and without
proposed PID damping controller.

From Table 1, it is indicated that through evaluated micro-
grid modes, the eigenvalue numbers λ40−41 and λ45−46 are
the known as critical oscillatory modes in the range of low
frequency oscillations (i.e. f=1-5 Hz) which present the low-
est damping ratios with respect to other eigenvalues. It should
be noting that through evaluated eigenvalues, there are other
oscillatory modes (e.g. λ37−38). Owing to evaluated high
frequency ratios, the corresponding mode‘s amplitudes are
damped much faster than low-frequency oscillatory modes.
Therefore, based on the frequency evaluations, eigenvalues
with the frequencies higher than specified frequency are
not considered through controlling procedure for designing
PID damping controller. It should be noting that the main

aim of developing damping controllers is to provide proper
damping performance of developed HVDC links in the pres-
ence of renewable energy resources including OWF, WEF,
PV and SSSG generators. For this issue, based on RESs
operating points, there are eigenvalue parameters with dif-
ferent oscillatory specifications. In this case, at each time
window, by evaluating the modal analysis through system
steady state matrix, critical modes are identified in which the
corresponding adjustments are implemented through devel-
oped damping controllers. Considering Figure 3, the provided
PID controller consist of a first order washout block which
filters the noises to provide proper input signal illustrating the
system dynamic oscillations. In this case, considering speed
deviations of SSSGs1ωSSSG as input data, the corresponding
damping signal IC is provided to improve damping ratio of
identified oscillatory modes λ40−41 and λ45−46 illustrated in
Table 1. Based on Figure 3, the corresponding PID damping
signal IC is compared with the reference signal Iref which
provide proper damping signal in phase with the occurred
low frequency oscillations. For this issue, considering H (s)
as the main transfer function of developed PID controller,
the corresponding eigenvalues are controlled. In this case,
considering1ωSSSG and IC as the input-output pair’s data, the
corresponding PID controller transfer function is provided as
follows:

HPID(S) =
IC

1ωSSSG

=
S × TW

1 + S × TW

(
KP +

KI
S

+ (S × KD)
)

(27)

From (27), TW represents time constant of the PID
washout filter. Also, KP, KI and KD represent the propor-
tional, integrator and derivative coefficient factors of the PID
controller which are specified based on the expected damping
ratios, respectively.

It should be noting that through real-time evaluations,
at each time window1t , considering modal analysis through
the microgrid dynamic state variables, the system critical
eigenvalues are identified which by substituting the PID
transfer function through system steady state matrix and eval-
uating the PID four unknown parameters TW , KP, KI and KD
with respect to critical modes, proper values with the aim of
high damping ratios are provided. Model analysis results of
the test system considering PID controller transfer function is
provided in Table 2.

TABLE 2. Modal analysis results considering PID parameters through
main system closed loop transfer function.
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From Table 2, considering PID controlling parameters
through the system closed loop transfer function, the speci-
fied critical modes λ40−41 and λ45−46 are controlled properly
which the corresponding real parts are moved to secure
area within proper damping ratios. In this case, the cor-
responding damping ratios are improved from −0.012 and
−0.016 without considering PID controller to −1.63 and
−2.24 in the presence of PID controller, respectively.
Detailed description and corresponding constraints related
to identifying proper PID parameters are expressed in
[33]. Considering modal analysis results evaluated from
closed loop transfer function, it is concluded that the pro-
vided PID controller presents proper damping response
through test system which the corresponding critical modes
are located within secure area using specified damping
parameters.

B. MODELLING ANFIS DAMPING CONTROLLER
THROUGH HVDC LINK MODEL
In this section, procedures and detailed structures of the
proposed ANFIS damping controller is expressed. For
this issue, considering a Sugeno ANFIS type, the corre-
sponding different parts are provided through following
subsections:

1) CONCEPTUAL STRUCTURE OF ANFIS MODEL
The structure and organization of developed ANFIS-based
damping controller is based on the Sugeno type [34], [35]
which is a well-known method of estimating controller
parameters in the presence of different uncertainties. Through
proposed Sugeni-ANFIS model, the fuzzy logic (FL) and
neural network (NN) structure are designed as model-free
type which provide both advantages of FL and NN models
with respect to input signal noises and uncertainties. In this
case, the input data are encoded within a set of distributed
parallel framework which are evaluated through numerical
analysis. By this way, the corresponding FL and NN log-
ics can be converted together within the same architectures.
Also, in the case of providing FL and NN models through
a unified structure, it is possible to develop a comprehen-
sive training procedure with good architecture which identify
proper damping parameters through real-time evaluations.
It should be noting that unlike the conventional NN structures
presented as different black-box frameworks, the proposed
ANFIS final architecture is developed through a set of intelli-
gent fuzzy logics based on provided dynamic variables [36].
In this case, the ANFIS structure is formed into two separate
parts like FL framework. The first part of developed ANFIS
controller presents the system antecedent data which is used
for predicting proper decision while the second part consists
the conclusion data which works as feedback signal to mod-
ify estimated decisions. The corresponding ANFIS parts are
worked together through a unified structure which based on
provided fuzzy roles, proper estimations are provided. In the
case of developing five individual layers through ANFIS

architecture, it is known as multilayer NN framework as
illustrated in Figure 8.

FIGURE 8. Neural network multilayer structure through ANFIS framework.

From Figure 8, ANFIS architecture consists of five indi-
vidual layers presenting different roles through intelligent
processes. In this case, based on presented input signals,
a fuzzification procedure is processed in the first layer (i.e.
input) which the input signals are encoded through a set of
fuzzy roles. In the second layer (i.e. inputmf), based on pro-
vided fuzzification results, the fuzzy roles and corresponding
antecedent logics are executed. The third layer (i.e. rule) is
responsible to normalize the ANFIS membership functions
through a set of AND logics which based on evaluated sig-
nals, proper decisions are estimated. Considering estimated
roles, the corresponding decoding processes and conclusion
part are provided through the fourth layer (i.e. outputmf).
Finally, based on evaluated conclusions, the corresponding
outputmf summations are provided through the last layer
(i.e. output). In this case, based on microgrid test system
and ANFIS architecture developed in Figure 8, four dynamic
variables including 1ωSSSG, 1POWF, 1PWEF and 1PPV
are considered as input signal to ANFIS damping controller.
Considering Figure 7, the structure and fuzzification roles of
provided Sugeno-based ANFIS architecture is expressed as
follows:

If

(x1 = Ai) AND (x2 = Bi) AND (x3 = Ci) AND (x4=Di)

then

(fi = pix1 + qix2 + rix3 + yix4 + si) (28)

From (28), parameters x1-x4 represent the ANFIS input
variables, Ai, Bi, Ci and Di are the input variables fuzzi-
fication sets. Also, fi represents the corresponding ANFIS
output signal and parameters pi, qi, ri, yi and si are the
fuzzy logic parameters which are specified adaptively dur-
ing the ANFIS training procedure through ith numbers
of membership function with respect to determined input
signal.
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FIGURE 9. The ANFIS fitting curve and surface plot with respect to different input combinations.

2) ANFIS TRAINING PROCEDURE
The corresponding training procedure of proposed PID and
ANFIS damping controllers are based on fuzzy role consists
of input-output pairs data for training and tuning the param-
eters. In this case, a linguistic rule [20], [21] is developed
which the input signals are transformed into the linguis-
tic variables. The corresponding controller surface to show
data training qualities are developed in Figure 9. Based on
the simulation evaluations, input-output pairs signals are
used to ANFIS structure in which the corresponding fuzzi-
fication roles are learned. In this case, considering each
input-output pairs data, the ANFIS membership functions are
provided similar to artificial neural network structures. This
is the main training procedure of the proposed Sugeno-based
ANFIS algorithm. Considering provided procedure, a hybrid
multifunction training procedure is developed to identify
ANFIS parameters which the corresponding fuzzification
roles are estimated. Also, in order to estimate damping
parameters, considering combined least-square (LS) and
back-propagations gradient decent (BPGD) techniques as the

main function and comparing the ANFIS estimations with
investigated simulation results, the corresponding ANFIS
membership functions are trained through offline evaluations.

3) DETAILED STRUCTURE OF THE DEVELOPED ANFIS
CONTROLLER
In this section, considering the ANFIS controlling block
provided in Figure 3, the procedure and detailed structure
of damping controller is expressed. For this issue, based on
renewable energy resources provided in Section II, speed
deviations of small-scale synchronous generators 1ωSSSG,
wind turbine active power deviations 1POWF , wave turbine
active power deviations 1PWEF and PV arrays active power
deviations 1PPV are determined as input dynamic signals to
proposed ANFIS damping controller. In the case of determin-
ing input signals, evaluating modal analysis results through
provided electromechanical signals show that they are able to
illustrate the system low-frequency oscillations with proper
observability index during different operating conditions.
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Based on the type and location of the fault event occur-
rences, the system dynamic oscillations are used as input
signal to ANFIS damping controller which considering the
provided membership functions, proper controlling signals
IC in phase with the identified oscillatory modes λ40−41
and λ45−46 are provided. It should be noting that all of
training and evaluating processes of proposed ANFIS damp-
ing controller are utilized using powerful ANFIS framework
employed through MATLAB@. Through developed model,
the fuzzy-based membership functions and corresponding
NN layers are fixed into ANFIS structure which based on
evaluated signals, proper decisions are estimated. In the
case of evaluating a set of input-output pairs data through
developed model, the corresponding fuzzy membership func-
tions (i.e. fuzzification and defuzzification processes) are
performed through a set of parametric models which the
corresponding parameters are estimated using neural network
multilayer processes. Actually, this is a deduction form of
conventional fuzzy logic model which is known as ANFIS
system consists of both fuzzy and neural network through a
unified closed loop structure. In this case, considering each
input dynamic variable, the ANFIS fuzzy model consists of
344 different roles through seven membership functions to
provide proper performance within different dynamic oscil-
lations. The corresponding seven input membership functions
(IMFs) through input variables are included as follows:

IMF1: Negative Big (NB), IMF2: NegativeMedium (NM),
IMF3: Negative Small (NS),

IMF4: Zero (Z),
IMF5: Positive Small (PS), IMF6: Positive Medium (PM)

and IMF7: Positive Big (PB).
There are also seven output membership functions (OMFs)

through output dynamic variables which are included as fol-
lows:

OMF1: Increase Big (IB), OMF2: Increase Medium (IM),
OMF3: Increase Small (IS),

OMF4: Hold (H),
OMF5: Decrease Small (DS), OMF6: Decrease Medium

(DM) and OMF7: Decrease Big (DB).
Considering provided IMFs andOMFs functions, the RESs

dynamic signals are used through four input variables into
ANFIS controlling structure. The main aim of developing
different membership functions is to provide proper small
rules through following ANFIS training procedure:

- Generating the input-output pairs data: In order to
provide proper ANFIS structure, a set of input date and
corresponding output concluded estimations are required.
In this paper, considering each sampling data evaluated
form simulation studies, a four-dimensional input signal
(IS) including 1ωSSSG, 1POWF , 1PWEF , 1PPV and cor-
responding one-dimensional controlling signal (CS) as IC
are considered for training the proposed ANFIS damping
controller.

- Extracting the rules of Membership functions: In the case
of generating input-output data, the next part is to evaluate the
ANFIS structure through developed signals to provide initial

MFs. For this issue, considering subtractive clustering (SC)
technique provided in [21], the ANFIS initial rules and cor-
responding MFs are extracted. It should be noting that during
the initial evaluations, the corresponding initial rules are not
close to optimize parameters. Therefore, an online optimiza-
tion procedure is required to tune the rules close to identified
proper values. In this case, after providing initial rules eval-
uated from SC algorithm, a hybrid training algorithm (HTA)
is utilized for training ANFIS system to provide proper con-
trolling parameters. The corresponding HTA scheme consists
two different algorithms for optimizing theMFs and resultant
equation parameters. In this case, by using back-propagation
algorithm (BPA) the ANFIS membership functions are tuned
during different iterations. Next, considering the least-square
optimization technique (LSOT), the system resultant equation
parameters are optimized. The corresponding optimization
procedure is continued iteratively until a constant error is
evaluated.

- Estimated predictions: In order to evaluate estimated
predictions, a set of nonlinear evaluations are employed
through provided ANFIS system. In this case, considering
different nonlinear processes through developed rules and
transfer functions, damping performance of provided ANFIS
controller are evaluated. It should be noting that the main
aim is to provide ANFIS structure through the lowest fuzzy
rule numbers with the same damping performance (i.e. lower
then 50 ruls). In order to illustrate the system effectiveness
through fuzzy rules, considering two different cases including
(a) Lower case with 30 rules and (b) Optimized case with
total required rules, the system dynamic performances are
evaluated. By identifying the lowest required fuzzy rules, the
system computation times and the corresponding required
memories will be decreased.

Based on Figure 8, considering the system input variables,
it is possible to evaluate the input-output pairs data through
three-dimensional curves. In this case, in order to evaluate
ANFIS results on training the parameters, three-dimensional
data fitting curve of ANFIS controller through differ-
ent input signals including IS1= 1ωSSSG, IS2= 1POWF ,
IS3= 1PWEF , IS4= 1PPV with respect to output signal
CS=IC are investigated which the results are provided in
Figure 9.
From Figure 9, it is indicated that considering input com-

binations, there are different surfaces which are specified as
controlling areas. In this case, the provided results show the
independency of presented input variables with respect to
evaluated sampling data. In order to design the ANFIS mem-
bership functions parameters, considering the MF epochs
value as 10 and using the hybrid BPA-LSOT algorithm, the
system training procedures are developed.

In order to evaluate the ANFIS system generalization man-
ner through different sampling data, a cross validation (CV)
scheme consisting of ten k fold and 290 input features are
used which are developed through a set of If-Then rules
for tuning the system MF functions. In the case of ANFIS
training procedure, considering a set of 3-ph short circuit
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FIGURE 10. The system RESs dynamic oscillation with respect to short circuit fault event occurred at infinite bus location.
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FIGURE 10. (Continued.) The system RESs dynamic oscillation with respect to short circuit fault event occurred at infinite bus location.

faults through provided different locations of the system, the
RESs dynamic oscillations are evaluated and used as input
data through ANFIS structure. The corresponding algorithm
parameters after providing the system training procedure are
evaluated as follows:

- Number of ANFIS nodes= 81, - Number of ANFIS linear
data= 111, - Number of nonlinear data=19,

- Total number of data= 130, - Number of training pairs
data= 21060, - Number of ANFIS fuzzy rules=345.

Based on provided ANFIS structure, the system accuracy
is analyzed and tested using 10 fold CV scheme. During
different evaluations through CV test scheme, the provided
ANFIS structure error value estimated as 0.0141501 which
means about 1.4% error within all of evaluated test cases.
Test results present the effectiveness of the proposed ANFIS
system with proper accuracy ratio through provided test data.

IV. SIMULATION STUDIES
In this section, considering the microgrid test system pro-
vided in Section II and the proposed PID andANFIS damping
controllers presented in Section III, the system dynamic
behaviors through 3-phase short circuit fault events are inves-
tigated.

For this issue, considering the RESs OP1=13 m/s,
OP2=3 m/s, PV output current IPV within solar radiation
of 1000 W/m2 and diode reverse current ID=9.5 × 10.11,
damping performance of proposed PID and ANFIS damping
controllers are evaluated.

The system dynamic oscillations consisting of microgrid
frequency response with and without the proposed ANFIS
damping controller through 3-phase short circuit fault event
at infinite bus are illustrated in Figure 10.
Based on Figure10, the first three diagrams from (a) to

(c) presents the synchronous speed deviation ωSSSG, out-
put active power PSSSG and output reactive power QSSSG,
respectively. Also, Figure10(d)-(g) present the microgrid
voltage at PCC point VPCC, the system dc current from rec-
tifier side IINV, the system ac current from inverter side IRec,
the system dc voltage from inverter side VINV, respectively.
The system OWF output signals consist of the output active
power POWF and the output voltage VOWF are presented

in Figure10(h)-(i), respectively. Also, the system WEF out-
put signals consist of the output active power PWEF and
the output voltage VWEF are presented in Figure10(j)-(k),
respectively. Finally, Figure10(l) presents the output dc volt-
age of the system PVs VPV.

A. COMPARISON STUDY OF THE PROPOSED SCHEME
WITH RECENT STUDIES
From Figure10, considering three phase short circuit fault
event occurred at t=1 s and cleared at t=1.2 s, the system
dynamic oscillations within three different cases including
(a) without activating damping controllers, (b) activating
developed PID controller and (c) the proposed ANFIS-based
damping controller are investigated. In this case, based
on evaluating the percentages of RES output signal over-
shoots (OSH) and undershoots (USH), two online indexes
are proposed which damping performance of the proposed
controllers are evaluated. Comparative results of the proposed
damping controllers with respect to developed OSH and USH
online indexes through RES signals are illustrated in Table 3.

TABLE 3. Comparative results of two OSH and USH indexes through RES
output signals.

Also, in order to evaluate the effectiveness of the proposed
scheme, a comprehensive comparison study is investigated
between the proposed ANFIS approach and a few recent
studies as summarized in Table 4. In the case of evaluat-
ing suitable results, considering the same fault scenario, the
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system dynamic behavior and controllers damping perfor-
mances are investigated as summarized in Table 4.

TABLE 4. Comparison of the proposed ANFIS scheme with a few recent
techniques.

From Table 4, the proposed ANFIS controller presents bet-
ter results with specified parameters. The main major advan-
tage is its no-model-based strategy to the system settings
and medium complexity which resulted in its performance
under a wide variety of applications. Also, in comparison,
most other techniques require several cycles with a high
dependency on the system model to control the oscillation.
In this case, their performances highly depend on the system
operational and topological conditions which in the case of
changing operating points, updated adjustments are needed.
Also, since an online approach based on wide area signal
measurement is proposed, it can be easily used on different
power systems with lower costs and complexities. Also, com-
paring with conventional PID, the proposed ANFIS damping
controller presents better performances with proper damp-
ing ratio. It is indicated that without considering damping
controller, the system RESs experience severe oscillations
with poor damping ratio which are damped poorly through
long-time durations. In this case, considering ANFIS-based
damping controller through HVDC link, suitable damping
performance with the most proper damping ratio is pro-
vided. In overall, the proposed ANFIS controller can be
used through microgrids with HVDC links which based on
designing parameters, proper damping performances with
high damping ratios are achieved.

V. FURTHER DISCUSSIONS
In this section, some important issues related to provided
controlling scheme are provided. Through modern power
systems, inventing the inverter-based low inertia resources
and developing power electronic AC/DC systems are known
the most two important challenges within the power sys-
tem stabilities. For this issue, considering the inverter-based
resources, the system equivalent inertia is decreased which

TABLE 5. Microgrid parameters.

lead to transient instability issues through whole of power
system. Also, the corresponding frequency response of these
low-inertia systems are larger than allowable boundaries
which provide the frequency transient instabilities through
fault event scenarios. Therefore, in the case of developing the
proposed scheme through low-inertia systems, it is important
to evaluate the system transient and frequency responses to
avoid large blackouts. In this case, the separation type of
low-inertia systems within a set of stable microgrids still as
an important issue which must be investigated. Also, through
AC/DC-based power systems, considering the HVDC trans-
mission lines provide more complexity through controlled
islanding schemes. In this case, if this HVDC lines are consid-
ered as a boundary, the corresponding controlling system is
becoming more complex. Therefore, investigating the perfor-
mance of multiple HVDC links through provided controlled
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islanding in an interesting issue which can be evaluated
though future studies.

VI. CONCLUSION
In this paper, an adaptive ANFIS damping controller devel-
oped for controlling and damping the microgrid dynamic
oscillations equipped with renewable energy resources.
In this case, considering four different RES types including
the offshore wind farms, wave energy farms, photovoltaic
arrays and small-scale synchronous generators connected
through an HVDC link, the system damping performances
evaluated. In the case of designing damping controllers, two
different ANFIS and PID-based controllers were designed
through HVDC link.

The proposed ANFIS controllers are based on linguistic
fuzzy role for training and tuning the parameters. In this
case, four electromechanical variables including SSSG speed
deviations 1ωSSSG, wind farm active powers POWF , wave
farm active powers PWEF and PV active power PPV used
as input signal. In this case, the input signals are trans-
formed into the linguistic variables used to ANFIS structure
in which the corresponding fuzzification roles are learned.
The corresponding ANFIS membership functions are simi-
lar to artificial neural network structures based on Sugeno
algorithm, fuzzification roles are estimated. Also, in order to
estimate damping parameters, using combined least-square
and back-propagations gradient decent techniques as the
main function, ANFIS membership functions were trained.

Based on evaluating input signals and controller param-
eters, proper controlling power in phase with the system
dynamic oscillations were provided. Simulation results indi-
cate effectiveness of the proposed model-based controller
for damping the system dynamic oscillation through severe
short circuit fault event. In this case, the proposed nonlinear
ANFIS-based damping controller presents robust controlling
performances which can be used as an adaptive damping
controller through real-time evaluations.

APPENDIX
See Table 5.
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